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ABSTRACT
Lithium ion batteries have become an essential part of everyday life. They are the
power source for millions of consumer, business, medical, military, and industrial
appliances worldwide. To maintain lithium ion batteries as the most outstanding
portable energy resources, their electrochemical performance must continue to be
improved in terms of capacity, rate capability, and cycle life. This thesis is written
to deal with this challenge through some experimental work, with the aim of
exploring and investigating a variety of new types of materials, with a particular
focus on the microstructures, morphology, and their electrochemical properties.

The concept of active/inactive or less active materials has been implemented in the
study of tin oxide and transition metal oxide (TMO; NiO, Co3O4, α-Fe2O3, and αMoO3) based nanocomposites. In this work, tin oxide is considered as an active
compound and has been incorporated with several TMO compounds, for example
Co3O4 and NiO, while a number of TMOs (α-Fe2O3, α-MoO3, and SnO2-NiO) have
been integrated with layered amorphous carbon. Another compound, vanadium
nitride (VN), was also selected for study. VN is one of the transition metal nitride
(TMN) compounds, which have several advantages namely, a high melting point, a
great theoretical capacity, and high conductivity, characteristics which make it a
promising compound for the lithium ion battery. Furthermore, the effects of the
preparation route, which can lead to small particle size, high porosity, and excellent
morphology, can automatically fulfil the requirements on the anode materials in this
field.
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The synthesis process employed here is very simple, convenient, informative, lowcost, and requires only a low treatment temperature. The morphology,
microstructure, and electrochemical testing were carried out systematically.

In the study of SnO2-Co3O4 nanocomposites, the composites were prepared using a
simple molten salts route. The morphology of the samples was changed after the
introduction of high Co3O4 content. The as-prepared powder electrodes demonstrated
satisfactory capacity retention and boosted the lithium ion reaction compared to the
sample that contained only a small amount of Co3O4. A reversible capacity of 514
mAh/g for a composite anode sample rich in Co3O4 was achieved. The excellent
electrochemical performance should be attributed to the good interface between the
two types of metal oxide particles, which resulted from the preparation method for
the nanocomposite. This is the first report on the synthesis and electrochemical
performance of a combination of two metal oxides, based on SnO2-Co3O4 as negative
electrode using the molten salt method.

MoO3 is well known as a very stable one dimensional (1D) layered structure which is
capable to acting as an impermanent support for intercalated species (protons,
solvated lithium, and sodium ions). However its electrochemical performance in the
lithium ion battery is not promising due to poor ionic and electronic conductivity. On
introducing amorphous carbon through a carbon layering process, the composite
displayed a magnificent electrochemical performance. The irreversible capacity
dropped to 192 mAh/g, which is much smaller than that of the bare reference sample
(492 mAh/g). The C-MoO3 composite electrode showed stable capacity retention,
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with a lithium storage capacity of 1064 mAh/g after 50 cycles. This is the first report
on C-MoO3 composite nanobelts.

The investigation to find out a good compound as a negative material is further
carried out on α–Fe2O3/C. The synthesis of α–Fe2O3/C uses a simple molten salts
followed by a carbon coating process which is a quite different method compared to
the others reported in the literature. It was found that the particles of α–Fe2O3 are
surrounded by fine amorphous carbon. Electrochemical results confirmed that the
electrode properties of the α–Fe2O3/C composite were much better than those of the
bare α-Fe2O3 nanoparticles. A stable reversible capacity of 903 mAh/g for the α–
Fe2O3/C composite anode was achieved after 100 cycles.

The analysis on SnO2-NiO-C nanocomposite as a negative compound revealed that
the product has a dual phase and is covered by amorphous carbon. From the
viewpoint

of

electrochemical

performance,

SnO2-NiO-C

nanocomposite

demonstrated high capacity, enhanced rate capability, and excellent cycling stability,
better than for the uncoated sample. This outstanding performance can be attributed
to the join effects of the nanosize compound particles, good interface behaviour
between the carbon matrix and the SnO2-NiO structure, and the highly porous nature
of the carbon matrix.

Nanosize α–Fe2O3 anode material was synthesised via a super basic molten salt. It
has a small particle size, in the range of 20 to 40 nm. Electrochemical results
revealed that it exhibits two different trends during prolonged cycling, which is
seldom reported in previous work and is a useful feature for power tool applications.
v

VN with a nanoporous structure was prepared through a temperature-programmed
NH3 reduction of V2O5. It has a unique porous framework structure with pore sizes
of 15-110 nm. The VN anode exhibited similar phenomena to α–Fe2O3, with stable
reversible capacity storage of 1806 mAh/g at the 600th cycle.

The

outcomes

described

above

demonstrate

that

the

selected

inorganic

nanocomposite compounds in the current study possess very good structural
morphology and distinctive electrochemical features, and they could be promoted as
promising materials for advanced lithium ion rechargeable batteries.
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CHAPTER 1

INTRODUCTION

1. 1 Introduction
Energy is required to meet the needs of human life, especially in various sectors such as
residential, commercial, and transportation. The energy is used for heating, cooling,
lighting, and providing resources for the appliances in residential and commercial
buildings. In the industrial sector, a large amount of energy is consumed to run the big
factories in petroleum refining, steel, aluminium, paper, chemical, and cement
manufacturing. A similar situation also can be observed in the transportation sector,
where energy needed to move automobiles, trucks, trains, airplanes, and mass transit
(buses, trains, light rail, and subways).

There are two types of energy that used nowadays, non-renewable and renewable
energy. The non-renewable energy can be classified as energy that can be depleted in
particular time, such as that generated from petroleum and coal, while the renewable
energy comes from sources that can be used continuously and in a largely unlimited
way, such as wind, solar, and water. Another important thing that should be considered
and need to work together with energy generation is a device that can store and deliver
the energy that is yielded. There are many storage methods that can be found in the
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different criteria of chemical (hydrogen, biofuels), electrochemical (batteries, flow
batteries, fuel cells), electrical (capacitor, super capacitor, superconducting magnetic
energy storage – SMES), mechanical (compressed air energy storage – CAES, flywheel
energy storage, hydraulic accumulator, hydroelectric energy storage, spring), and
thermal (molten salt, cryogenic liquid air or nitrogen, seasonal thermal store, solar pond,
hot bricks, steam accumulator, fireless locomotive) methods of energy storage. Among
of them, the battery is one of the popular storage methods that is widely used in the
various sectors.

These days, the world market for batteries is estimated at about US $5 billion each year.
The Electricity Storage Association (ESA) estimates that industrial batteries, such as
might be used in uninterruptible power supplies, power quality applications, standby
and reserve batteries, amount to US $5 billion every year. Manufacturing facilities for
advanced batteries specifically designed for energy storage applications in power
systems are being installed in North America, Europe, and Asia. New manufacturing
capability of at least 300 Mega Watt (MW) per year has been brought on stream in the
past twelve to eighteen months.

There are a number of different types of batteries that are used in conventional and
advanced applications, such as lead-acid, nickel cadmium, nickel-metal hydride, lithium
ion, and lithium ion polymer batteries. So far, the rechargeable lithium battery is the
best candidate; this is because it has high specific power density, high-energy
efficiency, wide operation temperature, and low self-discharge compared to the others.
2
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Components of lithium ion batteries could also be recycled. These characteristics make
lithium batteries suitable for various energy applications.

In lithium rechargeable battery research and development, there are many candidate
materials that can be chosen as positive and negative electrodes. For negative
electrodes, many efforts have been focused on the metal oxides (stating with
tin/stannous oxide (SnO2)) since Fuji Film employed amorphous metal oxides in lithium
batteries to replace the lithium-carbons that were used at the time as negative electrode
reactants in lithium systems [1]. One of stannous oxide’s advantages as negative
electrode is high theoretical reversible specific capacity (781 mili-Ampere-hour-pergram (mAh/g)) compared to graphite electrode (372 mAh/g) [2]. However, research is
not limited to investigating on stannous oxide alone. Other materials, such as other
metal oxides (MO), including those from iron (Fe), cobalt (Co), copper (Cu), and nickel
(Ni), were also studied. In these systems (MO and stannous (Sn)), the reaction between
the MO and the lithium will result in the formation of the reduced metal and lithia
(Li2O) [3]. On the positive side, lithium cobalt oxide (LiCoO2) is, in general, used
instead of other lithiated transition metal oxides. The advantage of LiCoO2 is that it is
uncomplicated to handle and process, does not pose any safety issues, and has longer
cycle life compared to other lithiated metal oxides. However, LiCoO2 has limited
capacity, within the range of 130 to 140 mAh/g, and moreover, cobalt is very expensive.
There is another candidate which could be used as positive electrode for the lithium
battery, lithium iron phosphate (LiFePO4). LiFePO4 also has several excellent
characteristics, such as lower cost, more abundant raw materials, and greater
3
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environmental friendliness than LiCoO2. Its theoretical capacity is 170 mAh/g, which
can be achieved, so it is the most promising candidate for lithium ion batteries.

Thus far, taking from the above information into consideration, research and
development of anode and cathode materials for lithium ion rechargeable batteries
could be realized by three paths: first, through an attempt to discover new materials
and/or new classes of materials, second, by the development of new methods to
synthesize the known electrode materials, and last, the fine-tuning of existing
structure(s) by way of compositional changes, surface modification, formation of
composites, or morphological changes, for example. From these guidelines, the overall
objective is to develop materials that have better properties for use in rechargeable
lithium batteries; that is, materials that possess a higher lithium storage capacity, a
longer cycle life, and improved rate capabilities.

Chapter 2 of this dissertation will present a literature review on the history of the
battery, Li-ion batteries, and anode materials.

The overall experimental methods for the anode preparation, fabrication of cells,
characterization, and electrochemical measurements are described in Chapter 3.

Chapter 4 will discuss the preparation, characterization, and electrochemical properties
of stannous oxide-cobalt oxide (SnO2-Co3O4) composite anode materials. The
composites were prepared by a simple molten salts method. The as-prepared anode
4
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materials were electrochemically active in lithium-ion cells and demonstrated a stable
lithium storage capacity of 300 mAh/g up to 75 cycles for the sample with a high
content of cobalt oxide compound.

Carbon-coated molybdenum oxide (MoO3) nanobelts are discussed in Chapter 5. The
synthesis techniques involve a simple hydrothermal route followed by carbon coating.
The as-prepared compound was investigated by Raman spectroscopy, x-ray diffraction
(XRD), and scanning electron microscopy (SEM), along with energy dispersive
spectroscopy (EDS), and transmission electron microscopy (TEM). The electrochemical
performance of the compound was investigated through cyclic voltammetry (CV) and
galvanostatic charge/discharge cycling, and alternating current (AC) electrochemical
impedance spectroscopy (EIS). The results of the electrochemical testing are compared
to those from uncoated MoO3 compound.

In Chapter 6, the discussion is focused on nanostructured alpha iron oxide (α-Fe2O3)
and alpha iron oxide/carbon (α-Fe2O3/C) composite. First, nanostructured α-Fe2O3 was
synthesized by a simple molten salt process using iron(II) chloride tetrahydride
(FeCl2·4H2O) as the starting material and lithium nitrate (LiNO3)-lithium hydroxide
monohydrate (LiOH·H2O)-hydrogen peroxide (H2O2) as a eutectic mixture at 300 oC.
Then, α-Fe2O3/C composite was prepared by dispersing both α-Fe2O3 and malic acid in
toluene, where malic acid was used as the carbon source. The morphology and
microstructure of both compounds were confirmed by X-ray diffraction, Raman
spectroscopy, and transmission electron microscopy. Electrochemical testing, including
5
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constant current charge-discharge and cyclic voltammetry (CV), was carried out. The
electrochemical performance of the α-Fe2O3/C composite anode is compared to that of
the bare α-Fe2O3 anode.

The work based on stannous oxide-nickel oxide (SnO2-NiO) and stannous oxide-nickel
oxide-carbon (SnO2-NiO-C) powders is discussed in Chapter 7. Amorphous carbon
layer coated SnO2-NiO nanoparticles were successfully achieved via a two-step
procedure: a simple molten salts route and a surface coating process. Transmission
electron microscope observation revealed that the SnO2-NiO nanoparticles are
connected by amorphous carbon layer to form a conductive three-dimensional network.
Such structured morphology can improve electron transport and electrochemical
reactivity, thus resulting in excellent cyclic stability and high rate capability.

Chapter 8 considers α-Fe2O3 as anode material for lithium ion battery. The structure and
morphology were confirmed by Raman spectroscopy, X-ray diffraction, and
transmission electron microscopy. The as-prepared α–Fe2O3 is a rhombohedral phase of
hematite with crystal size in the range of 20-40 nm (nano-metre). The electrochemical
measurements were performed using the as-prepared powders as the active material for
a lithium-ion cell. The nanosized α–Fe2O3 shows excellent cycling performance and
rate capability. It also exhibits the feature of capacity increase upon cycling.

The synthesis, characterization, and electrochemical performance of vanadium nitride
(VN) nanoporous structured anode material for lithium ion batteries are explained in
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Chapter 9. It has been synthesized by temperature-programmed ammonia (NH3)
reduction of vanadium pentoxide (V2O5). The as-prepared VN has a high quality
crystalline nanoporous structure with a large volume of pores in the range of 15–110
nm. The electrochemical results reveal that VN nanoporous electrode exhibits a high
capacity and excellent cycling performance, which makes it promising as an anode
material for lithium ion batteries.

Chapter 10 consists of a summary and conclusions, which are useful for the current and
future work.
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CHAPTER 2

LITERATURE REVIEW

2. 1 Battery History
The primary idea of this dissertation is to examine and investigate a number of materials
related to electrochemical energy storages or so-called rechargeable batteries. Prior to
going further with this topic, it is advisable to identify, comprehend, and gain important
historical knowledge on batteries, from preliminary inventions to the most up-to-date
battery engineering.

The earliest forms of electrochemical energy storage which may have served as
batteries are the Baghdad Batteries, which existed sometime in between 250 BC and
640 AD [4, 5]. The tale of the contemporary battery only started at the same time as the
early development of electricity, where Luigi Galvani discovered “animal electricity” in
the course of a “frog-leg” experiment, which was reported in 1791 [6-8]. By 1791, this
work was continued by Alexander Volta with more advanced experiment that resulted
in the invention of the copper and zinc battery using simple electrolyte salts. In this age,
Volta was able to distinguish electrostatic capacitance and identify electric current flow
through his system, which is called a voltaic cell, or cell for short. The terminal voltage
of a cell that is not discharging is called the electromotive force (emf) and has the same
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units as electrical potential, namely, volts in honour of Volta. In 1799, Volta invented
the modern battery by placing many voltaic cells in series, accurately piling them one
above the other. This Voltaic Pile gave a significantly enhanced net emf for the
combination. This discovery led to the establishment of Faraday’s Law in 1831 [9].
Even though those batteries were of enormous value for experimental purposes, their
restrictions made them unrealistic for large current drain.

A few years later, flooded type Daniel cells were introduced in 1836. These offered
more reliable currents and were adopted by industry for use in stationary devices,
mostly in telegraph networks where they were the only practical source of electricity,
since electrical distribution networks did not exist then [10]. The first true secondary
battery was developed by Raymond Gaston Plante in 1856. The battery is consisting of
2 sheets of lead in a sulphuric acid electrolyte [11]. This battery was used for storing
electricity for telegraphy and industrial production in 1859 and 1880, respectively.
Today this battery is recognized as the lead-acid battery.

In 1866, the first dry cell using manganese dioxide and zinc with restricted electrolyte
was introduced by Georges Lionel Leclanche. It was enhanced by substituting a humid
ammonium chloride paste for the liquid electrolyte and sealing the battery [12, 13].
Soon after, Waldemar Jungner and Karl Ludvig Berg put in Sweden won their place in
battery history by inventing the nickel-cadmium (Ni-Cd) battery in 1899 [14]. In 1911,
Thomas Alva Edison, the American inventor, developed and commercialized cells
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Figure 2-1 The gravimetric and volumetric energy density of different rechargeable
battery systems [15].

with the iron(+)/potassium hydroxide/nickelic oxide(-) system, the so-called alkaline
cell [16].

In 1932, Shlecht and Ackermann from Germany, designed sintered electrodes, and this
was pursued in the development of the mercury button cell by Samuel Ruben in 1950 at
request by the Army Corporation Ltd [17, 18]. In the middle of the 1980s, the sealed
lead-acid batteries were produced in large volume and were used in many applications
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system, and by this era, nickel-metal hydride (Ni-MH) batteries were being sold in the
marketplace.

In 1990, the first applicable lithium ion battery was built and then, was commercialized
one year after that by Sony Corporation [19]. The battery was measured based on the
energy density (Watts-hour-per-kilogram (Wh/kg) or Watts-hour-per-litre (Wh/l)). The
Ni-Cd battery has the energy density of 35 to 65 (Wh/kg), and 110 to 205 (Wh/l), while
that of the Ni-MH battery is about 65 to 95 Wh/kg and 165 to 280 Wh/l and that of the
lithium ion battery is 85 to 145 Wh/kg and 240 to 385 Wh/l [20, 21]. A schematic
diagram of the energy density of those rechargeable battery systems is shown in Figure
2-1.

In nearly three to four decenniums, the coming out of these battery technologies have
guided to increase in energy density implying today’s required of power sources that
could convey more energy per unit volume. The assorted secondary battery
characteristics including their wide-ranging electrolyte, anode, and cathode materials
are shown in Table 2-1.
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Table 2-1 The characteristics of various secondary batteries.
Battery

Anode

Electrolyte/reactions

Cathode

system

Nominal

References

Voltage
(V)

Lead acid

Pb

H2SO4 aqueous solution

PbO2

2.0

[22]

NiOOH

1.2

[23]

NiOOH

1.2

[23]

LiCoO2

3.7

[19]

Pb + SO4 ⇋PbSO4 + 2e (anode)
2–

–

PbO² + 4H+ + SO42⁻ + 2e ⇋PbSO4 + 2H2O (cathode)
PbO² + 2H2SO4 + Pb ⇋2PbSO4 + 2H2O (total reaction)
Nickel-

Cd

Cadmium

KOH aqueous solution
Cd + 2OH⁻⇋Cd(OH)2 + 2e⁻(anode)
2NiOOH + 2H2O + 2e⁻⇋2Ni(OH)2+ 2OH⁻(cathode)
2NiOOH + Cd + 2H2O ⇋Ni(OH)2+ Cd(OH)2(total
reaction)

Nickel-

H2,

Metal

absorb

Hydride

alloys

KOH aqueous solution
H2 + 2OH⁻⇋2H2O + 2e⁻(anode)
2NiOOH + 2H2O + 2e⁻⇋2Ni(OH)2 + 2OH⁻(cathode)
2NiOOH + H2⇋2Ni(OH)2(total reaction)

Lithium ion

Graphite

Organics electrolyte + Li salt
Li(C) ⇋Li++ e⁻(anode)
Li++ e⁻+ CoO2⇋LiCoO2(cathode)
Li(C) + CoO2⇋LiCoO2(total reaction)

2. 2 Rechargeable Lithium Ion Cell

The lithium ion battery is a rechargeable battery and is comparatively new technology. Its
properties are more advanced compared to Nickel-Metal Hydride (Ni-MH) and NickelCadmium (Ni-Cd) battery. In early endeavours to build rechargeable lithium batteries,
graphite was used as the positive material to store and release the lithium ions, while
lithium metal was employed as the negative material to act as the source of lithium ions.
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However, the work was unsuccessful on account of safety problems. Lithium has been
identified as the lightest element among all metals, has the greatest electrochemical
potential, and offers the largest energy content. Rechargeable batteries that utilize lithium
metal as the negative electrode (anode) are adequate to supply a high voltage and excellent
capacity, which follows from an amazingly high energy density. In the 1980s, numerous
research studies on rechargeable lithium batteries were conducted, and it was discovered
that the charge/discharge reactions modify the lithium metal electrode, which results in
volatile thermal characteristics, and leading to potential thermal runaway. If this takes
place, the cell temperature speedily comes close to the melting point of the lithium metal,
which results in a violent reaction (a similar reaction to when the lithium metal reacts with
water or moisture). In 1991, a large quantity of rechargeable lithium batteries on the
Japanese market had to be recalled after a battery in a cellular phone was found to liberate
hot gases and unexpectedly burst into flame or blew up. By reason of the highly reactive
nature of lithium metal, particularly during charging, research and development on the
lithium ion battery were shifted, and it was combined with other compounds such as
transition metal oxides (TMOs), transition metal nitrides (TMNs), transition metal
sulphides (TMSs), and transition metal fluorides (TMFs), so that the risk of fires and
explosions in batteries would be removed. In spite of the fact that such compounds have a
bit less energy density than lithium metal, they involve low risk, which makes them
beneficial for meeting particular safety precautions during charging and discharging.

Sony Corporation appeared as the first Li-ion battery manufacturer in 1991. They
successfully commercialized the lithium-ion battery using a transition metal oxide as one of
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the components in the battery, and this achievement was soon followed by other companies
[19]. Nowadays, thanks to the outstanding chemical properties of the Li ion, research and
development on it continues to be pursued, especially since it has turned to be the most
important ion for portable energy storage development. As Li-ions are transported to the
positive electrode (cathode) during discharge and to the negative electrode (anode) during
charging, a battery of this type is commercially identified as a lithium-ion battery (LIB).
However, there are a few other names which are infrequently used and synonymous to

Li-ion battery such as the rocking chair battery, named by Armand in 1980 [24], the swing
electrode system, as discussed by Bittihn and co-workers [25], and the shuttle cock battery,
as discussed by a Japanese group in 1994 [26].

The Li-ion battery is well-known to have several advantages that until now no other
chemistry can match. Its low maintenance requirements, lack of any memory effect, and
lack of any need for scheduled cycling to prolong the battery’s life make it more reliable for
use in a number of areas. Moreover, its high energy density and light weight, its wide
temperature range of operation, and a self-discharge that is less than half that of Ni-Cd and
Ni-MH all go to make the Li-ion battery well matched for modern fuel device applications.

So far as weaknesses are concerned, the LIB is easy to break, crumbly, and requires
additional cost to build an internal overcharge protection circuit to preserve secure activity
during the charging procedure. The load current must be adequate, and the charging process
must follow rigorous standards. Furthermore, the Li-ion battery is subject to aging, whether
used or not, which significantly reduces the performance of the battery.
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2. 3 The Principle Mechanism of the Rechargeable Lithium Ion Battery

Li-ion rechargeable batteries are light, compact, and have a high energy density. By
reason of these factors, they have attracted much attention, as they can meet the high
demands from consumers, mostly in portable electronic devices, for example, hand
watch, radio controllers, and laptops. The need for lightweight and small-sized
secondary batteries has intensified the speed of development of batteries with high
energy densities. There have been great endeavours all over the world to fulfil this
demand, and small-sized secondary lithium ion batteries (LIB) have now come onto the
market.

Nowadays, the high energy density of LIBs is attracting great attention for their
application in portable storage energy systems for electric vehicles (EVs) or in hybrid
electric vehicles (HEVs), which are some combination of an internal combustion engine
and an electric motor. Commercially attainable LIBs commonly utilize a highly
crystalline graphitic carbon with layered structure as the negative electrode (anode),
lithiated lithium cobalt oxide (LiCoO2) with the feature of high cycle life as the positive
electrode (cathode), and an electrolyte that is made up of lithium salts (for example
LiPF6) dissolved in organic carbonates [27]. The working principle of operation of a
LIB is shown in Figure 2-2 [20, 28].
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Figure 2-2 The operating principle of the lithium ion battery during charging and
discharging [20, 28].

On the whole, lithium ion cells (prismatic or cylindrical) feature a wound construction
with only a few components, including a positive electrode, a negative electrode, a
separator, and an electrolyte. The positive electrode (cathode) has a current collector
made of thin aluminium foil coated in lithium metal oxide, while the negative electrode
(anode) has a current collector made of thin copper foil coated in graphitic carbon. The
separator is a fine porous polypropylene or polyethylene film, and the electrolyte is an
organic solvent with lithium salts dissolved in it. The wound cathode/separator/anode
plus electrolyte are contained within a metal (steel or aluminium) can and sealed with a
cap. The cap usually contains a mechanical vent mechanism which releases internal cell
pressure under abusive conditions and a positive temperature coefficient (PTC) device
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to limit current in a short circuit or other abusive condition. In many cells, an additional
current interrupter is also included, which acts to remove the cell from the external
circuit in an overcharge situation.

The electrochemical reactions at the negative (anode) and positive (cathode) electrodes
are represented as shown in Eqs. 2.1 and 2.2, respectively [19, 20];

At anode:
C + xLi+ + xe– ⇔ LixC

(2.1)

At cathode:
LiCoO2 ⇔ Li1–xCoO2 + xLi+ + xe–

(2.2)

Equally, the anode and cathode materials are layered compounds, as shown in Figure
2-2. When a Li-ion secondary battery is recharged, lithium ions (Li+) are removed from
the positive electrode material (such as lithium transition metal oxide (LiCoO2)) and
spread throughout the electrolyte to be placed in the negative electrode material (such as
graphite (C)). Simultaneously, electrons (e–) move around to the negative electrode side.
On the contrary, lithium ions return from the negative electrode side to the positive
electrode side during discharge. The overall battery reaction is shown in Eq. 2.3 [19,
20].

Overall battery reaction:
C + LiCoO2 ⇔ LixC + Li1–xCoO2

(2.3)
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Simply, the lithium ions (Li+) move back and forth between the cathode and anode upon
charging and discharging, which gives rise to a potential difference of about 4 V
between the two electrodes, while the battery capacity is dependent on the amount of
lithium ions that can be extracted from the cathode material. The name “lithium ion”
batteries originate from this simple mechanism, that is, the transfer of lithium ions
between the anode and cathode. The advantages of LIBs over other accepted secondary
batteries (Lead acid, Ni-Cd, and Ni-MH) are the higher gravimetric and volumetric
energy density, high operating voltages, low self-discharge rate, lack of memory effects,
and wide range of operation temperatures. The advantages and disadvantages of the
lithium ion battery compared to other types of rechargeable battery systems are
summarized in Table 2-2 [29, 30].

Table 2-2 The advantages and disadvantages of the Li-ion battery compared to other
systems [29, 30].

Chemistry Type

Ni-Cd

Ni-MH

Lead acid

Li-ion
Prismatic
3.6/3.7

Li-Po

2.1

Li-ion
Cylindrical
3.6

1.25

1.25

Specific Energy (Wh/Kg)

50

75

30

100

100-160

175

Specific Energy (Wh/L)

150

200

-

-

250-360

-

Cycle Life (Times)

1500

500

200-300

1000

1000

-

Environmental hazard

Low

Medium

Medium

High

High

High

Safety

High

High

Medium

Low

Low

Low

Cost

Low

Medium

Low

High

High

High

Self-Discharge

Medium

High

Low

Low

Low

Memory Effect

Yes

Yes

Yes

No

No

Very
Low
No

Nominal Voltage (V)
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2. 4 Materials for Lithium Ion Battery
2.4.1

Anode Material

2.4.1.1 Graphite/Carbon
Graphite materials are commonly used as the anode-active material in fabrication of
lithium ion rechargeable batteries. Its functions as the host structure for lithium
intercalation, and its structure is flexible enough to offer reversibility by allowing
effortless insertion and de-insertion of lithium. Graphite can be obtained in a variety of
forms ranging from a crystalline state to a nearly amorphous state. Numerous types of
graphite are produced from natural graphite, oil pitch, coal tar, hydrocarbon gas,
benzene, various resins, etc. Carbon anode materials are classified into three categories:
graphite, non-graphitized glass-like carbon (hard carbon), which does not graphitize
even if it is heat treated at high temperatures, and soft carbon, which is effortlessly
changeable with heat treatment [20]. Figure 2-3(a) shows a schematic side view of these
carbons.

In commercially viable LIBs, the negative electrode is made from a carbonaceous
material [31]. Graphite is a classic carbonaceous material that consists of hexagonal
sheets of sp2 – carbon atoms (called graphene sheets), weakly bonded together by van
der Waals (vdW) forces into an “ABABAB…” stacking, as shown in Figure 2-3(b). As
well as lithium ions, other kinds of ions and molecules can be intercalated between the

19

Chapter 2: Literature Review
__________________________________________________________________________________

Figure 2-3 (a) Categories of carbon employed as negative materials: (i) soft carbon, (ii)
hard carbon, and (iii) graphite [20, 21]. (b) Layered structure of graphite material [32].
(c) The stages of insertion and de-insertion of Li-ions into the graphite interlayer
structure [33]. (d) Charge-discharge profile of LiC6/1M LiClO4 in ethylene carbonate
(EC) and diethyl carbonate (DEC) (EC:DEC = 1:1) [34]. (e) Relationship between
reversible specific capacity and heat treatment temperature [35]. (f) Charge-discharge
profile of (i) soft carbon – mesocarbon microbeads heat-treated at 700 °C and (ii) hard
carbon – petroleum pitch based pseudo-isotropic carbon; inset shows enlargement of
low potential region [36, 37].
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graphite sheets, and the resulting complexes are called “graphite intercalation
compounds” (GIC) [32]. The GICs have an essential characteristic property which is
called the staging phenomenon, which governs the intercalated layers that are
occasionally organised in the matrix of graphite sheets, as shown in Figure 2-3(c) [33].
The GIC stage structure is labelled in terms of the stage index n, which represents the
number of graphene sheets between neighbouring intercalating layers. Stage 1 – Li-GIC
is a completely lithiated state with a conformation of LiC6, which limits the specific
capacity of graphite negative electrode to 372 mAh/g.

Figure 2-3(d) presents the characteristic charge-discharge profile of graphite vs. Li. The
smooth charge-discharge curve at a very low potential (< 250 mili-Volts (mV)) that is
close to the Li+/Li half-cell potential represents the intercalation and de-intercalation of
lithium ions that occurs inside the graphite. X-ray diffraction (XRD) [38, 39] and
Raman [40] investigations have discovered that the subsequent stages appear during
charging and discharging.

Dilute stage-1

↔

Stage-4

(~ 210 mV)

Stage-2L

↔

Stage-2

(~ 120mV)

Stage-2

↔

Stage-1

(~ 90mV)

where dilute stage-1 indicates a phase in which lithium is intercalated regularly inside
the host and stage-2L represents a liquid-like stage-2 phase that has no plane ordering
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[41]. In Figure 2-3(d) [34], the charge used up through the first charge (~ 510 mAh/g) is
not totally recovered on the following discharge. The lost capacity is called the
“irreversible capacity” (Qirr), 150 mAh/g, and is observed only in the first cycle. It is
understood that the irreversible capacity is consumed by solvent decay followed by
protective surface film growth on the graphite [31]. The surface film is frequently
termed the solid electrolyte interphase (SEI). The SEI prevents additional solvent
decomposition, but lithium ion can be intercalated into the graphite negative electrode
through this film. The existence of the SEI layer is a requirement for the graphite
negative electrodes to be used in commercially available cells. The mechanism of SEI
formation has been widely studied in order to obtain a good SEI layer with minimum
irreversible capacity [17, 18]. In the following cycles, the irreversible capacity vanishes,
and a specific capacity in the range of 350 to 370 mAh/g is frequently obtained with
coulombic efficiency of more than 99 %. In the early 1990s, the negative electrodes
were made from the less graphitized carbons as an example of coke, however, after the
researchers found graphite could offers the greater capacity, they start to replace the less
graphitized carbons in the negative electrode production in practically LIBs.

Figure 2-3(e) shows the connection between the specific capacities and the heat
treatment temperature (HTT) of soft and hard carbon [35]. The factor of high specific
capacity of these carbons has attracts much more attention and most useful compared to
those of highly graphitized carbons heat treated at temperatures higher than 2400 °C. It
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was investigated that the soft carbon heat-treated below 1000 °C could produce a
specific capacity in the range of 500 to 1000 mAh/g [17, 23].

Characteristic charge-discharge profiles for different types of carbons are shown in
Figure 2-3(f) [42]. Some soft carbons are characterized by a large hysteresis in their
potential profile. The existence of the hysteresis indicates a loss of stored electrical
energy, which is dissipated as heat during charge-discharge cycles.

An additional negative aspect is poor cycling stability, with the capacity dropping to
half of the first cycle capacity over a number of cycles. A variety of models have been
presented to clarify their high capacity. These include lithium intercalation among
graphene sheets with an in-plane LiC2 structure [43], lithium doping inside nanoscopic
cavities [44], development of ionic complexes such as lithium naphthalene [45], a
chemical reaction between inserted lithium atoms and the hydrogen-terminated edges of
hexagonal carbon fragments [46], etc. However, the mechanism for the high capacity is
still debatable.

The other category of high-capacity carbon is hard carbon heat treated at about 1000 °C,
which displays a specific capacity in the range of 500 to 700 mAh/g. Hard carbons
pyrolyzed from petroleum pitch, poly(furfuryl alcohol), and phenolic resins fit into this
category. This kind of hard carbon features a low and large potential plateau at about
0.05 V in its charge-discharge profiles, as shown in Figure 2-3(f). It appears that the
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high capacity is carried by Li-clusters that form in nanopores that, in turn, are formed
by small graphene sheets (~ 2.5 nm) in the hard carbons [47], is the so-called “house of
cards” model [48].

2.4.1.2 Tin based compounds

Another class of potential negative electrode materials is composed of lithium-tin alloys
and lithium-tin oxide compounds. This class is characterized by a layered structure with
space group P4/nmm, in which Sn(II) is in regular square-pyramidal coordination (dSn-O
= 2.22 Å) [49]. In the layer structure, the tin atoms are at the apex of square pyramids,
and the tin has an inert pair of electrons (Figure 2-4). The Li+ electrochemistry of SnO2
is represented as the following equations.

SnO2 + 4Li+ + 4e– ⇒ 2Li2O + Sn
Sn + xLi+ + xe– ⇔ LixSn

(2.4)
(0 ≤ x ≤ 4.4)

(2.5)

The electrochemical reaction first involves the irreversible conversion of the tin oxide to
metallic tin (Eq. 2.4) and then the reversible alloying/de-alloying of Sn with Li (Eq. 2.5)
[50-52]. As a negative electrode, it offers much higher specific capacity than graphite,
theoretically around 780 mAh/g, which is represented by 4.4 Li atoms per atom of Sn
[53]. However, alloying would cause a large volume change (i.e., 100 to 300 %) and the
resulting alloys are usually easily broken. Lithium alloy electrodes consequently suffer
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from cracking and collapse (pulverization), and deteriorate after only a few chargedischarge cycles.

A big step forward in lithium alloy electrode was proposed by Fuji Photo Film Co. in
1997 [54]. They developed tin based amorphous composite oxide (TCO), SnBxPyOz (x
= 0.44 – 0.6, y = 0.6 – 0.4, and z = (2+3x+5y)/2), which exhibits a good cycleability as
well as a high specific capacity (~ 640 mAh/g). During the first charging, SnBxPyOz is
first reduced to active Sn particles and an oxide matrix, and the Sn metal is alloyed with
Li at lower potentials. The oxide matrix stabilizes the fine Sn particles and significantly
improves cycleability. Another similar approach is found in earlier studies where a
number of researchers used active/inactive composites, such as Sn–Ni [55-57], Sn–Cu
[58], Sn–Sb [59, 60], Sn–Co [61], Sn–Ag [62], and Sn-Ca [63] as the anode materials.
The inactive component in the alloys could improve the cycling performance through its
buffering effect, where it assures excellent mechanical integrity by preventing the
particles of the compound from being rapidly broken up during cycling [64].

Further methods to increase and retain the capacity, and sustain the cycling stability of
tin based compounds is by preparing them in the form of thin films [65, 66], by using a
single metal as an additive [50, 67, 68], by making modifications on the structural level,
such as by forming a mesoporous structure, hollow nanostructures, or nanowires
structures [69-72], which are incorporated with carbon/graphene [73-80],
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Figure 2-4 (a) The crystal structure of tetragonal α-SnO; (b) the arrangement of bonds
from a Sn2+ ion to O2-; and (c) the arrangement of bonds from an O2- ion to Sn2- [81].

and by using additions of other metal oxides [82]. In case of a thin film electrode, as
mentioned in Refs. [65, 66], the film not only can be cycled at high current densities,
but could also provide a high reversible capacity and very good reversibility. In study of
a series of inverse spinel M2SnO4 (M = Mg, Mn, Co), as mentioned in Ref. [50],
Mn2SnO4 exhibits high initial capacity, with around 9.6 Li inserted per Sn (8.4 for
Sn(IV)), and offers the best reversibility among the spinel compounds. Other additives,
such as tin and antimony metals, which forms a matrix with SnO2, as mentioned in Ref.
[67, 68], can reduce the high irreversible capacity of SnO2-based electrode, so that it
exhibits a higher specific capacity compared to bare tin oxide. Ternary tin oxides with
the cubic pyrochlore structure, M2Sn2O7, M = rare earth or yttrium (Y) and neodymium
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(Nd), were also studied and constitute a well-known series of compounds possessing
SnO6 octahedra [83, 84]. Both metals were used as the matrix (spectator) ions, with the
sample maintaining capacity retention as high as 89% of initial capacity, and the high
coulombic efficiency more than 98% could be achieved. An equivalent result was also
shown in Ref. [69], where a mesoporous tin oxide prepared by a surfactant templating
method had a lower irreversible capacity and even easier intercalation and deintercalation reactions. By modification on the structural level, Lou and collaborators
[71] demonstrated that their as-prepared SnO2 hollow nanospheres have large initial
discharge capacity, which was greater than of pristine SnO2 nanoparticles and also
much higher than for any other previously reported SnO2 based hollow structures [70,
85-88]. Park and co-workers also revealed in their study that 1D nanowire structure
could provide more reaction sites on the surface and enhance the charge transfer in the
electrochemical reactions. Moreover, Sn particles at the tips of nanowires also
contributed to the Li+ storage and prevented the capacity loss that was induced by the
existing metal catalyst [72]. An additional common approach is to incorporate some
metal/oxides with multiple types of carbon (i.e., carbon nanotubes (CNTs), singlewalled CNTs (SWCNTs), multi-walled CNTs (MWCNTs), graphene, etc.). For
example, tin metal or oxide-nanoparticles encapsulated in elastic hollow carbon spheres
were successfully prepared with very interesting structural images and good
electrochemical performance [75-78]. The uniqueness of the material as described
related to its high void volume and elasticity, which was capable of accommodating the
volume change of tin nanoparticles due to the Li-Sn alloying/de-alloying reactions, and
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thus preventing the pulverization of electrode. Another interesting approach in
composite preparation is by using prepared graphene. Graphene, which is well known
as a single-atom-thick sheet of honeycomb carbon lattice, exhibits many unique
chemical and physical properties [89-91]. Paek and co-workers discovered that
graphene nanosheets are homogeneously distributed between the loosely packed tin
oxide nanoparticles and could creates nanoporous structure with a large amount of void
space [79]. Such dimensional confinement of the tin oxide nanoparticles by the
surrounding graphene limits the volume expansion upon lithium insertion, and therefore
avoids the stress that is developed during the process of lithium insertion. The results
shown in Ref. [79] are consistent with Yao’s work, where graphene nanosheets not only
can act as electronic conductive channels, but also could boost the lithium storage
capacity [80]. Studies on the composite compounds that are composed of SnO2 in
combination with other metal oxides, such as ZnO-SnO2 [82], RuO2-SnO2 [92],
CuFe2O4-SnO2 [93], SiO2-SnOy [94], and CuO(nanotube)-SnO2 [95], are also highly
topical in terms of their use as anode materials. In such cases, one of the compounds
would be considered as an inactive or less active composition which is used as a
supporting and conducting matrix to buffer the volume change. These hybrid systems
have some properties which would be difficult to achieve in a single system, such as
higher catalytic activity, capability to absorb the volume variation of the active material
during lithium insertion, and ability to react reversibly with a larger amount of lithium,
so that they can greatly improve the electrochemical performance compared to the
single systems. For example, SiO2 has been doped into SnO2, resulting in a larger
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capacity than that of the pure SnO2, and even higher than the theoretical value of SnO2
[94]. It believed that Si-doped nanoparticles provide a way of forming the Li-Sn alloy
more effectively, and they could even reach the ratio of 6:1 (Li6Sn) [96, 97]. The
improved performance is related to the stabilization of Li6Sn by the presence of Si in
the lattice and as an oxide second phase. On the whole, it can be rationalized that a
nanocrystalline and inert matrix facilitates that diffusion of Li ions and the dispersion of
Sn atoms in the electrode, and thereby imparts better structural integrity and minimizes
volume change [94].

2.4.1.3 MoO3 compound
Since the electrochemical insertion of lithium into MoO3 is reversible, the application of
this material in lithium ion batteries has been widely studied [98]. The insertion and deinsertion process of the MoO3 compound can be expressed by Eq. 2.6 as shown below
[98, 99].

MoO3 + xLi+ + xe– ⇔ LixMoO3

(2.6)

Similar to tin oxide compounds, MoO3 not only has a superior theoretical specific
capacity of nearly 1111 mAh/g [2], which is more than three times the theoretical
capacity of graphite [100], but also has a very stable one-dimensional (1D) layered
structure [101, 102]. MoO3 has a unique layer structure in which edge- and cornersharing [MoO6] octahedra are built up in double layers (Figure 2-5). These layer
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Figure 2-5 Schematic diagram of [MoO6] octahedra in MoO3 units [99].

planes characterized by strong covalent bonds are held together by weak van der Waals
attraction forces. The interlayer distance has been determined to be 6.929 Å [103]. This
layered structure is able to act as a temporary support for intercalated species, such as
protons, solvated lithium, and sodium ions, as well as larger molecules [104]. On the
other hand, MoO3 has poor ionic and electronic conductivity [105], which limits its
electrochemical performance. Many researchers have tried to overcome this negative
aspect by doping MoO3 with Na and Sn [105, 106], modifying its structure [107, 108],
and incorporating it into composites [109, 110]. Among the doped systems, Na-doped
MoO3 shows an initial capacity close to the theoretical value, and such systems are
stable after applying a slow rate of current density and increasing the cut-off voltage
during cycling up to 100 cycles. In the meantime, Mn-doped MoO3 shows an opposite
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results, where drastic capacity fading within a few cycles could be observed. This
inferior electrochemical performance was expected because of the destruction of the
crystal structure during the reaction.

With respect to modification of the structure, MoO3 nanoparticles display excellent
performance in terms of durable reversible capacity and high-rate capability. The
reversible capacity remains constant up to 150 cycles, and the batteries can be cycled at
a current rate as high as 2 C, which possibly meets the requirements for HEV and power
tools applications. Similar behaviour is also observed with composite compounds: the
reversible capacity not only remains stable but also increases steadily with increasing
cycle number, without any deterioration during cycling of the electrodes.

2.4.1.4 Fe2O3 compound

Among the transition metal oxides, iron oxides, especially hematite (α-Fe2O3), are
widespread in nature and are important industrial products. Hematite is well-known to
be isostructural with corundum. The unit cell is hexagonal with a = 0.5034 nm and c =
1.375 nm [111-114]. There are six formula units per unit cell. For hexagonal symmetry,
the Miller indices are (hkil); i may be replaced by a dot or omitted as h + k = –i.
Hematite may also be indexed in the rhombohedral system. For the rhombohedral unit
cell, arh = 0.5427 nm and α = 55.3° and there are two formula units per cell.
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The structure of hematite can be described as consisting of hexagonal close packed
(hcp) arrays of oxygen ions stacked along the [001] direction, i.e., planes of anions are
parallel to the (001) plane Figure 2-6(a)). Two thirds of the sites are filled with FeIII
ions, which are arranged regularly with two filled sites being followed by one vacant
site in the (001) plane, thereby forming six fold rings Figure 2-6(b)).

The arrangement of cations produces pairs of Fe(O)6 octahedra. Each octahedron shares
edges with three neighbouring octahedra in the same plane and one face with an
octahedron in an adjacent plane Figure 2-6(c)). Face-sharing occurs along the c-axis.
This face-sharing of octahedra is responsible for the distortion of the cation sub-lattice
from ideal packing; Fe atoms in the octahedra which share faces are repelled along the
direction normal to [001], causing the cations to shift closer to the unshared faces. The
O–O distances along the shared face of an octahedron are shorter (0.2669 nm) than the
distance along the unshared edge (0.3035 nm), and hence the octahedron is trigonally
distorted Figure 2-6(d)). The oxygen and Fe arrangement around a shared face is
illustrated in Figure 2-6(e); this Fe-O3-Fe triplet structure influences the magnetic
properties of the oxide. Hematite based on hexagonal close packing of oxygen with iron
in 2/3 of the octahedral vacancies is conventionally used as a catalyst, pigment, gas
sensor, and electrode material due to its low cost, high resistance to decay, and
environmentally friendly properties [115-118]. Most of these functions depend strongly
on the composition and structure of the materials.
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The electrochemical reaction mechanism of Li with α-Fe2O3 in Li-ion cells can been
described by the following two equations:

During discharge:
α–Fe2O3 + 6Li+ + 6e– ⇒ 3Li2O + 2Fe

(2.7)

During charge:
2Fe + 3Li2O ⇒ α–Fe2O3 + 6Li

(2.8)

Thackeray and co-workers suggested that Li initially intercalates into the α-Fe2O3 face
centred cubic (fcc) lattice during the discharging step, and then the Fe is driven out of
the lattice to form nano-Fe clusters in a Li2O matrix at the end of discharge (Eq. 2.7)
[119-122]. During the subsequent charging step, the nano-Fe clusters are oxidized back
to α-Fe2O3 (Eq. 2.8).

In lithium-ion battery research, numerous attempts have been made to find the best way
to improve the electrochemical performance of α-Fe2O3. A number of methods have
been successfully developed for the manufacture of hematite nanoparticles, such as the
sol-gel process, template methods, chemical precipitation, the microemulsion technique,
the gas-solid reaction technique, the forced hydrolysis method, and the hydrothermal
approach [118, 123-131]. Among the methods mentioned above, hydrothermal
synthesis has been shown to be advantageous over other methods in terms of
homogeneous nucleation and grain growth of hematite nanocrystals [132]. However, it
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Figure 2-6 Structure of hematite: a) Hexagonal close packing of oxygens with cations
distributed in the octahedral interstices. The unit cell is outlined. b) View down the caxis showing the distribution of Fe ions over a given oxygen layer and the hexagonal
arrangement of octahedra. The unit cell is outlined. c) Arrangement of octahedra. Note
their face-sharing. d) Ball-and-stick model with theunit cell outlined. e) O3-Fe-O3-Fe-O3
triplets [116].
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has been shown that the preparation conditions, including concentrations, reaction
temperature, and reaction time are the most important factors in determining the
structures and morphologies of the α-Fe2O3 nanocrystals [133-135]. It should be noted
that nanocrystals formed in this mode tend to agglomerate [136]. However, the most
challenging

problems

relate

to

the

aggregation

of

nanoparticles

during

insertion/extraction, as the nanocharacteristics then disappear with attendant loss of
capacity, which results in poor cycling performance [137-144].

Many solutions have been proposed to overcome this limitation. Among them, the most
promising approach is to create a nanocomposite structure in which nanosized active
particles are homogeneously dispersed in a ductile and active matrix [141, 145-148]. A
relatively low mass, good electronic conductivity, reasonable Li-insertion capability,
and small volume expansion coupled with softness and compliance make carbon the
best active matrix [149, 150]. Homogeneous dispersion of nanoparticles in a matrix and
synthesis of metal oxide-encapsulated carbon have been explored as approaches to
improve the cycling behaviour and rate capability of compounds [85, 151], but it is
evident that there is still much scope for further improvement.

2.4.1.5 Transition Metal Nitride compounds

Lithium transition-metal nitrides, fluorides, and sulphides are also capable of becoming
candidates for negative electrode materials [2, 152]. Li2.6Co0.4N exhibits a high capacity
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of 900 mAh/g at a typical discharge potential of 0.7 V and demonstrates good
cycleability [153]. Spinel Li[Li1/3Ti5/3]O4(Li4Ti5O12) is an fascinating material as a
negative electrode [154]. Despite the fact that the discharge potential (~1.6 V) is not as
low as other alternative negative electrodes, this material exhibits no volume change
during charging and discharging. In addition, it is characterized by an outstanding
cycleability with a small capacity fade upon extended cycling.

Another potential candidate among the metal nitrides is vanadium nitride (VN). It is
rarely exploited as negative electrode for the lithium ion battery. It has a high electrical
conductivity and high theoretical capacity of 1236 mAh/g, which make it suitable to
replace the commercial carbon anode materials [155]. On top of that, the low electrical
resistivity of VN (ranging from 3.8 × 10-4 Ω cm to 6 × 10-4 Ω cm) is anticipated to be
acceptable to diminish the polarization during the lithium ion intercalation and deintercalation processes.

According to Sun and Fu [155], VN was proposed to possess a two-step electrochemical
reaction mechanism as described in the following equations:

VN + 3Li+ + 3e– ⇒ V + Li3N

(2.9)

V + Li3N ⇔ VN (partial crystallization) + 3Li+ 3e–

(2.10)
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In the initial discharge process (Eq. 2.9), vanadium nitride reacts with lithium and forms
vanadium metal and Li3N. This reaction produces an irreversible reaction accompanied
by structural changes, producing nano-sized Li3N and V. The second step (Eq. 2.10)
involves the reversible oxidation and reduction reaction between nanocrystalline V and
VN. This mechanism is similar to what occurs in some other metal nitrides previously
reported. From point of view of the electrochemical performance, it is excellent, with
the first discharge capacity discovered to be approximately 1500 mAh/g, with the
reversible capacity maintained at around 800 mAh/g for 50 cycles.

2. 5 Summary

There are many published papers that were explored in the literatures as means to gain
important knowledge and comprehend the natural features of the compounds which the
author selected to be studied. Four types of anode compounds are at the focus of this
research: 1) tin based composite, 2) molybdenum oxide, 3) iron oxide, and 4) transition
metal nitride compounds. These materials were synthesised by different types of
techniques: a molten salts process, a hydrothermal method and a temperatureprogrammed NH3 reduction technique. All the as-prepared compounds were used as the
anode materials for the rechargeable lithium ion battery.

Many Li-alloy and Li-metal oxides, especially tin or tin oxide, have been widely
investigated with view to replacing carbon anode with a bigger capacity anode material.
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However, it is not easy to overcome the large initial irreversible capacity and/or the
poor cycleability of tin/tin oxide so as to utilize the theoretically reversible capacity.
Large irreversible capacity was discovered specifically in oxide systems due to creating
lithium oxide at the first charge. Poor cycleability is observed in some Li-alloy
electrodes due to a large volume change followed by conductivity degradation. In Snbased alloy systems, their available capacity with both large initial coulombic efficiency
and good cycleability still remains at most half of the theoretical value of Li4.4Sn. In the
next chapters, two types of transition metal oxides (Co3O4 and NiO) were chosen to be
incorporated with tin/tin oxide, which can act principally as the supporting additives to
buffer the volume expansion experienced by tin/tin oxide during the electrochemical
process in a lithium cell. A molten salts process was used to synthesis the composites,
as they not only can produce the compounds on the nanoscale, but could also improves
the cycleability and other electrochemical properties.

Molybdenum trioxide (MoO3) is one of the most intriguing transition-metal oxides
known and has attracted interest because of its unique layered structure which allows
reversible insertion/de-insertion of lithium ions. On the negative side, MoO3 has a poor
cycling stability, which usually limits its application as an active material. By
introducing carbon additive via a simple carbon coating process, the composite samples
show a great improvement in terms of conductivity, with the specific capacity value
increased and the sample stabilized at the atomic scale.
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Iron oxide, hematite (Fe2O3), in a composite with carbon based materials is commonly
used as anode material in research on the lithium ion battery. In afterwards later chapter,
the α-Fe2O3/C nanocomposite anode material will be synthesized by a simple low
temperature solvent-assisted molten salt precipitation route followed by a carbon
layering process, which is a quite different method compared to the others reported in
the literature. These composites electrodes show high reactivity and also exhibit
synergistic effects and improved electrochemical behaviour.

Among the metal nitrides, vanadium nitride (VN) is one of the most promising
candidates for energy storage applications, such as in supercapasitors and batteries. VN
is known to have a high electronic conductivity and redox reactions, which are provided
by a few layers of vanadium oxides or oxynitrides on the surface and correlated to the
crystalline structure of the nitride. Due to the high valence metal in this nitride, it is
expected that it would provide high reversibility and large reversible capacity in
electrochemical performance.
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CHAPTER 3

EXPERIMENTAL DETAILS

3. 1 Materials and chemicals
Chemical raw materials that were used as starting reagents in the preparation of anode
compounds are shown in Table 3-1. Most of the chemicals are toxic, so some
precautions have been taken in accordance with the prescribed safety procedures before
starting any experiment.

Table 3-1 Materials and chemicals.
No.

Raw materials/

Chemical Formula

Purity

Company/

(%)

Supplier

LiOH·H2O

99.0

Aldrich

chemical
1.

Lithium hydroxide
monohydrate

2.

Lithium nitrate

LiNO3

99.0

Aldrich

3.

Hydrogen peroxide

H2O2

35.0

Sigma-Aldrich

4.

Tin (II) chloride

SnCl2·2H2O

97.0

B.D.H. Labor.

dehydrate
5.

Cobalt nitrate

Chem. Div.
Co(NO3)2·6H2O

pentahydrate

99.0

APS Ajax
Finechem.
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6.

Ammonium

(NH4)6Mo7O24·4H2O

99.5

Aldrich

heptamolybdate
tetrahydrate
7.

Nitric acid

NHO3

69.0

Aldrich

8.

Malic acid

C4H6O5

99.0

Sigma

9.

Toluene

C7H8

99.5

Sigma-Aldrich

10.

Vanadium

V2O5

99.6

Sigma-Aldrich

pentoxide
11.

Ammonia gas

NH3

12.

Argon gas

Ar

13.

Oxygen gas

O2

14.

Acetylene Carbon

C

Aldrich

(-CH2CF2-)n

Aldrich

C5H9NO

Aldrich

1M LiPF6

MERCK KgaA,

in a mixture of ethylene

Germany)

Black Powders
15.

Poly(vinylidene
fluoride) (PVDF)

16.

N-methyl-2pyrrolidinone (NMP)

17.

Electrolyte

carbonate (EC) and dimethyl
carbonate (DMC) (1:1 by
volume)

18.

Iron (II) chloride

FeCl2·4H2O

95.0

Aldrich

tetrahydrate
19.

Ethanol

C2H5OH

100.0

Aldrich

20.

Nickel (II) chloride

NiCl2·6H2O

96.0

Aldrich

hexahydrate
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3. 2 Materials synthesis procedures

3.2.1

A Super-Basic Molten Salts Technique

3.2.1.1 SnO2–Co3O4 nanocomposite
The material (SnO2–Co3O4) was synthesized in nanocomposite form as an anode
material for lithium-ion batteries by the basic molten salts method. The starting
materials, including lithium hydroxide monohydrate (Aldrich), lithium nitrate (Aldrich),
hydrogen peroxide (Sigma-Aldrich), tin (II) chloride dehydrate, and cobalt nitrate
pentahydrate (APS Ajax Finechem), were purchased and used without further
purification. The mixture was prepared in two portions according to the compositions
shown in Table 3-2.

Table 3-2 List of compositions for each sample.
Sample

LiNO3
(mmol)

LiOH.2H2O
(mmol)

H2O2
(mmol)

SnCl2.H2O
(mmol)

Co(NO3)2.6H2O
(mmol)

A

100

20

50

10

10

B

100

20

50

10

18

All precursors were mixed together and ground in an agate mortar until the mixture
became homogeneous. The mixture was put into an alumina crucible and heated at 120
°C for 24 h in a vacuum oven, and then further heated at 300 °C for 3 h in a muffle
furnace in an air atmosphere. The alumina crucible was cooled down naturally at the
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end of this period. The resulting products were washed with acetone and distilled water
to ensure total removal of the inorganic ions. The wet powder was dried at 100 °C for
12 h under a vacuum pressure of 0.1 MPa.

3.2.1.2 SnO2–NiO nanocomposite
Commercial lithium hydroxide monohydrate (Aldrich), lithium nitrate (Aldrich),
hydrogen peroxide (Sigma-Aldrich), tin (II) chloride dihydrate (Analar-BDH), and
nickel (II) chloride hexahydrate (Sigma-Aldrich) were used as received. 100 mmol of
lithium nitrate, 100 mmol of lithium hydroxide monohydrate, 10 mmol of tin (II)
chloride dehydrate, and 10 mmol of nickel (II) chloride hexahydrate were mixed in an
agate mortar to obtain a homogenous composition. Then, 50 mmol of hydrogen
peroxide was added into the mixture and stirred for 3 h. The mixture was then heated at
120 °C for 4 h in a vacuum oven, followed by a further heat-treatment in air at 300 °C
for 3 h in a muffle furnace. After cooling naturally in air, the SnO2-NiO composite was
separated from the eutectic mixture by washing with a large amount of de-ionized (DI)
water and by centrifugation. The product, the bare SnO2-NiO, was then dried under
vacuum at 100 °C overnight to remove the residual water.

3.2.1.3 α–Fe2O3 nanoporous material
The α-Fe2O3 powder was synthesized by mixing together 10 mmol iron (II) chloride
tetrahydrate (Aldrich, 95%), 20 mmol lithium hydroxide monohydrate (Aldrich, 99%),
100 mmol lithium nitrate (Aldrich, 99%), and 50 mmol hydrogen peroxide (Sigma-
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Aldrich, 35%), and grinding in an agate mortar until the mixture became homogenous.
The powder mixture was then vacuum dried at 120 oC for 24 h. The drying process was
used to minimize the water content in the mixture for the molten salt
(LiNO3:LiOH.H2O). The mixture was immediately placed into an alumina crucible for
heat-treatment at 300 °C for 3 h in a muffle furnace in an air atmosphere. At this
temperature, the LiNO3:LiOH.H2O:H2O2 mixture was melted to become a molten salt
near the eutectic composition. This is significantly different from an aqueous solution,
and the water content in the molten salt solution was reduced as much as possible. The
resulting products were washed with large amounts of ethanol and distilled water,
followed by drying at 100 °C for 12 h under a vacuum pressure of 0.1 MPa.

3.2.2

Hydrothermal procedure

3.2.2.1 α−MoO3 compound
Ammonium heptamolybdate tetrahydrate (AHM; (NH4)6Mo7O24.4H2O, 99.5%) and
nitric acid (HNO3, 69%) were used as starting reagents to obtain the MoO3 nanobelts.
An amount of 3.12 g or 2.5 mmol of the AHM was dissolved in 10 mL distilled water,
and then the pH value of the solution was adjusted by using 5 M nitric acid to achieve
pH = 1. The resultant solution, together with some white precipitate, was transferred to
a Teflon-lined stainless steel autoclave and maintained at 180 oC for 30 h. The MoO3
precipitate was filtered and rinsed with a large amount of de-ionized water, followed by
drying at 100 oC for 24 h under a pressure of 105 Pa. The MoO3 nanobelts thus obtained
were then coated with carbon. Malic acid (MA) (C4H6O5, 99%) was used as the carbon
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source. The MA was first dispersed in toluene (C7H8, 99.5%), and then the MoO3
nanobelts obtained by the hydrothermal technique were added into the toluene while
stirring at room temperature for 2 h. The slurry was dried at 180 oC for 6 h under a
vacuum pressure of 105 Pa and then given a further heat-treatment at 265 oC for 3 h in
air atmosphere.

3.2.3

Carbon coating techniques

3.2.3.1 SnO2–NiO/C, α–Fe2O3/C and α−MoO3/C nanocomposites
The compounds which were obtained from the super-basic molten salts and
hydrothermal procedures were then layered with carbon. Toluene (C7H8, 99.5%) and
malic acid (C4H6O5, 99%) were used as the solvent and the carbon source during the
layering preparation, respectively. Both α-Fe2O3 and malic acid were dispersed together
in toluene with continuous stirring at room temperature for 2 h. The slurry was dried at
100 oC for 6 h at a vacuum pressure of 0.1 MPa and then further heat-treated at 265-300
o

C for 3 h in air atmosphere.

3.2.4

Temperature-programmed reduction

3.2.4.1 Vanadium nitride nanoporous structure
Porous VN was prepared by temperature-programmed reduction of V2O5 by NH3. V2O5
powder was used as the starting material. The powder consists of large particles with a
range of sizes between 200 and 500 μm. A tube furnace (Jetlow Furnaces, Melbourne,
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Australia) was used to perform temperature-programmed reduction of V2O5 by
ammonia gas, in which the gas flow rate was around 0.7 l/min. The V2O5 powder (600
mg) was loaded inside the tube. The sample was gradually heated up to 700 °C at a
ramp rate of 2.8 °C/min, and the temperature was held at 700 °C for 1 h. The furnace
was cooled down naturally at the end of this period in NH3 flow. Finally, the resulting
product was passivated by exposing it to a flowing mixture of high purity Ar (99.9%)
and O2 (0.1%) gases for 2 h.

3. 3 Materials characterization
3.3.1

Structure and morphology characterization

The X−ray diffraction (XRD) technique is used to identify substances. It is very useful
to know whether a material is amorphous or crystalline. From XRD it is also possible to
know whether a new crystalline entity has formed based on the addition of the various
components during sample preparation.
In this work, XRD was carried out using the X−ray diffractometer at the School of
Mechanical, Materials, and Mechatronic Engineering, Faculty of Engineering and the
Institute for Superconducting and Electronic Materials (ISEM), University of
Wollongong. Samples were mounted on clean glass slides with a little ethanol solution
before the slide was placed in the sample chamber. The samples were scanned with a
beam employing monochromic Cu−Kα radiation with a wavelength of 1.5418 Å
between 2θ angles of 10o and 90o. From the diffractograms, the crystallite size and
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degree of crystallinity were calculated. The crystallite size can be obtained from the
Scherrer equation:

L = (0.9λ)/(Δ2θb cos θb)

(3.1)

where;
L = Crystallite size

λ = 1.5418 Å
Δ2θb = the difference between the 2θb peaks

Raman spectroscopy is a useful tool which is able to identify many kinds of substances.
It identifies a substance through molecular vibrational information contained in the
material. This technique is also capable of identifying changes in a chemical bond, e.g.,
when a substance is mixed with the element carbon.

For the current study, Raman analysis was carried out on a Jobin Yvon HR800 from the
Intelligent Polymer Research Institute, University of Wollongong. All the samples were
prepared on a microscope slide. The spectra were excited with radiation in of the range
500 to 700 nm. The laser power was always kept below 0.7 mW at the sample, to avoid
sample degradation.
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3.3.2

Material structure and morphology characterization

Scanning electron microscopy (SEM) was carried out using a JEOL JSM 6460A
instrument with energy dispersive spectroscopy (EDS) and an EDS-X mapping system
at the Institute for Superconducting and Electronic Materials, University of
Wollongong.

Energy dispersive spectroscopy (EDS) is a tool for qualitative and quantitative
determination of major and minor elements in a wide range of sample types. The
concept of this tool is that when an element in a sample is exposed to a particle beam,
for example an electron beam, the specimen will release some of the absorbed energy as
X−rays. X−rays resulting from the incoming electrons knock the electrons in the inner
shell of the sample out of theirs atoms. As the outer electrons drop into the vacancy
formed, the excess energy is emitted, often as X−ray photons. Since each element has
its own unique set of energy levels, the emitted photons are indicative of the element
that produces them. The energies of the X−rays emitted by the sample are measured
using a Si−semiconductor detector and are processed through pulse height analysis.
Computer analysis of this data yields an energy spectrum that defines the elemental
composition of the sample.

A transmission electron microscope (TEM) is a kind of microscope that uses a beam of
electrons instead of a beam of light (as in an optical microscope) to form a large image
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of a very small object. The transmission electron microscope has an electron beam,
sharply focused by electron lenses, that passes through a very thin specimen onto a
fluorescent screen, where a visual image is formed. This image can be photographed or
rendered into digital format. The electron beam passes through the sample being
observed in a chamber operated under high vacuum. Because liquid water cannot exist
in a high vacuum, the water in the samples must first be removed by evaporation. TEM
was carried out using the JEOL 2011 TEM at the School of Mechanical, Materials, and
Mechatronic Engineering, Faculty of Engineering, University of Wollongong.

The advantages of the scanning and transmission electron micrographs (SEM and TEM)
are to help in the understanding of results obtained from other techniques such as XRD
and electrochemical impedance spectroscopy (EIS). EIS will show which films have the
highest electrical conductivity, and XRD can shows peaks that can be attributed to the
materials comprising the electrode materials. By the SEM technique, the crystalline or
amorphous nature of the sample can be directly observed and hence, shed more light on
the XRD and EIS results.
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3.3.3

Electrochemical measurements

3.3.3.1 Electrode preparation

The as-prepared powders were mechanically milled by hand to some extent using an
agate mortar and pestle, and then mixed with acetylene black (AB) and a binder,
polyvinylidene fluoride (PVDF) at different weights ratio of 80:10:10, 75:20:5,
60:20:20, and 30:50:20 in a solvent, N-methyl-2-pyrrolidone (NMP). In certain cases, a
large amount of AB was used intentionally to evaluate fully the properties of the asprepared powders as an electrochemically active phase. Additionally, other
compositions were also prepared to evaluate the influence of the content of ABon the
electrochemical performance for different compositions.

The slurry was uniformly pasted on 1 cm2 of Cu foil. The electrode sheets prepared in
this way were dried at 110 °C in a vacuum oven under a pressure of 0.1 MPa for 12 h.
The electrodes were then pressed under a pressure of approximately 200 kg/cm2. The
loading of the material and the thickness of the cells were measured using a
microbalance and a micrometer−screw gauge, respectively.
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3.3.3.2 Lithium-ion cell fabrication
CR2032-type coin cells were assembled for electrochemical characterization. The
electrolyte was 1 M LiPF6 in a 1:1 mixture of ethyl carbonate (EC) and dimethyl
carbonate (DMC). Li foil was used as the counter and reference electrode.

3.3.3.3 Electrochemical testing
3.3.3.3.1

Charge/discharge and cyclic voltammetry measurements

The cells were galvanostatically charged and discharged at the constant current rate and
additionally at multiple current rates (for the assessment of rate capabilities). Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements
were performed using a CHI electrochemical workstation. The scanning rate for CV
was set at 0.1 mV/s, and the impedance measurements were conducted over the
frequency range between 105 Hz and 0.01 Hz. All the electrochemical measurements
were conducted at ambient temperature (25 °C).

3.3.3.3.2

Electrochemical Impedance Spectroscopy (EIS)

Impedance spectroscopy was conducted using the HIOKI 3531−01 LCR Hi−Tester
interfaced to a computer over a frequency range from 50 Hz to 1 MHz. The software
calculates the real and imaginary parts of the impedance. The imaginary impedance,
(−Zi), is plotted versus the real impedance (Zr) using the same scale for both the vertical
and the horizontal axes to obtain the bulk resistance, Rb.
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CHAPTER 4

PREPARATION OF TIN NANOCOMPOSITES AS ANODE MATERIALS BY
MOLTEN SALTS METHOD AND THEIR APPLICATION IN LITHIUM-ION
BATTERIES

4. 1 Introduction
Tin oxide (SnO2) materials are of particular interest because of their applications in gas
sensors, optical electronic devices and lithium ion batteries [156-158]. The theoretical
specific capacity of SnO2 is claimed to be nearly 789 mAh/g, which is twice the
theoretical capacity of carbon (theoretical capacity, 372 mAh/g) [2, 3, 54, 159, 160].
There have been many attempts to increase and retain the capacity, and maintain the
cycling stability of SnO2. Some researchers have tried to use a single metal as an
additive [67], to make modifications on the structural level, such as forming a
mesoporous structure [69], and to use additions of other metal oxides [82]. Other
additives, such as tin metal, which forms a matrix with SnO2, as mentioned in Ref. [67],
can reduce the high irreversible capacity of SnO2-based electrode, so that it exhibits a
higher specific capacity compared to bare tin oxide. The same result was also shown in
Ref. [69], where a mesoporous tin oxide prepared by a surfactant templating method
had a lower irreversible capacity and even easier intercalation and de-intercalation
reactions. In studies on composite compounds from mixing ZnO and SnO2, samples that
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had high SnO2 content presented good capacity and cycleability, particularly after
increased ball-milling time [82]. However, when the ZnO content was increased, the
cyclability of this composite became rapidly degraded. Another similar approach is
found in previous studies where some researchers used active/inactive composites, such
as Sn-Ni [55], Sn-Cu [58], Sn-Co-C [74], and Sn-Co [61] as the anode materials. The
inactive component in the alloys could improve the cycling performance through its
buffering effect, where it prevents the particles of the compound from being rapidly
broken up during cycling [64]. The references above show that many efforts have been
made to improve the performance of anode materials in lithium ion batteries, which
could result in promising solutions to overcome many of the disadvantages that exist in
the lithium-ion battery area.
In this chapter, SnO2-Co3O4 nanocomposite was prepared by a molten salt method
which is slightly different from others that have been used. To the best of the author’s
knowledge, this is the first report on the synthesis and electrochemical performance of a
combination of two metal oxides based on SnO2-Co3O4 as negative electrode using the
molten salt method. SnO2 and Co3O4 are negative materials with high electrochemical
performance in lithium ion batteries. The reaction plateau potential of Co3O4 is different
from that of SnO2; therefore, the Co3O4 component in the nanocomposite can not only
maintain the high capacity of SnO2, but also buffer the expansion during lithium
intercalation.
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4. 2 Experimental
4.2.1

Synthesis of materials

SnO2-Co3O4nanocomposite powders were prepared using the super-basic molten salts
method outlined in Section 3.2.1, especially 3.2.1.1.

4.2.2

Material Characterizations

X-ray diffraction analysis (XRD) was carried out on the synthesized powders with a
Philips PW1730 generator and diffractometer using Cu Ka radiation and a graphite
monochromator. Scanning electron microscopy (SEM) was performed using a JEOL
JSM 6460A instrument with JEOL energy dispersive spectroscopy (EDS) and an EDSX mapping systems. The powdered products were further characterized by transmission
electron microscopy (TEM) using a JEOL 2011 200 keV analytical electron
microscope.

4.2.3

Electrochemical measurements

Electrochemical measurements were conducted by assembly of standard R2032 cointype test cells. The as-prepared powder was used to prepare electrodes by dispersing
75% active materials, 15% carbon black, and 10% poly(vinylidene fluoride) (PVDF)
binder in 1-methyl-2-pyrrolidinone (NMP) solvent, with the mixture ground until it
became homogeneous, using an agate mortar. The resulting slurry was pasted onto
copper foil and dried in vacuum at 120 °C for 12 h to remove the NMP solvent. The
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electrode was then pressed into the form of a disc with a diameter of 14 mm to enhance
the contact between the active materials and the conductive carbon. Cells were
fabricated to test the charge/discharge performance. The cells were assembled in an
argon-filled glove box (H2O, O2 < 0.1 ppm, Mbraun, Unilab, USA). The electrolyte was
1 M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1
by volume, provided by MERCK KgaA, Germany), and microporous polypropylene
film was used as the separator. The cells were galvanostatically discharged and charged
with a Neware battery cycler at current density of 70 mA/g in the voltage range of 0.011.5 V vs. Li/Li+.

4. 3 Results and discussion
4.3.1

Materials characterizations

The XRD patterns of the compounds synthesized via molten salts method are shown
in Figure 4-1. Figure 4-1(a) and Figure 4-1(b) shows the X-ray diffraction patterns of
the prepared powders for sample A and sample B, respectively. Sample A represents a
sample which contents a low amount of Co3O4, while sample B is stand for the sample
that contents a larger amount of Co3O4 than sample A. These patterns are in agreement
with the JCPDS database (card no. 2-1340 – SnO2 with tetragonal crystal and 73-1701 –
Co3O4 with the cubic crystal structure). The broadened peaks which are observed in the
figure indicate the small crystallite size of the as-prepared SnO2 [3]. By increasing the
amount of Co3O4, the intensity of peaks was increased, which corresponds to a sample
being more crystalline than amorphous. From XRD analysis, it was found that both of
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Figure 4-1 X-ray diffraction patterns obtained for synthesized powders: (a) sample A,
and (b) sample B. Bar lines indicates the JCPDS lines, with the red color for SnO2, and
the blue color for Co3O4.

a)

b)

Figure 4-2 SEM images obtained for synthesized compounds: (a) sample A, and (b)
sample B.
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the samples have d-spacing values which are good agreement with those in the Joint
Committee on Powder Diffraction Standards (JCPDS) database.

Scanning electron micrographs of as-prepared samples of the different compounds and
compositions are shown in Figure 4-2. Both of the samples show agglomerated particles
with different shapes. Sample A has a structure that tends to be spheroidal in shape.
Sample B has a structure with many sharp microcrystals that could be observed on
different faces of the agglomerated particle, which make it totally different from sample
A. It can be clearly seen that further increasing the amount of Co3O4 could change the
morphology of the nanocomposite samples. These agglomerations have an average
diameter of about 6 μm and a thickness of less than 5 μm. Figure 4-3 further presents
TEM images for sample A. It can be observed that this composite has very fine
particles. The size of the tiny particles was estimated to be 5 nm, which confirmed that
it was a nanostructured compound. EDS was performed to further confirm the
composition of the as-prepared products, as is shown in Figure 4-4. Figure 4-4(a) is a
SEM image of sample A, and Figure 4-4(b) to Figure 4-4(d) presents EDS mappings for
the elements Sn, Co, and O, respectively. The white spots indicate the presence of each
element. It is clear that the distribution of each element in the agglomerated particles is
uniform. It is fair to believe that both types of metal oxide particles had united to form
one structure.
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a)

b)

Figure 4-3 TEM image of as-prepared SnO2-Co3O4 oxide (sample A); at magnification
of (a) 100 000× and (b) 500 000×.
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a)

b)

c)

d)

10 μm

Figure 4-4 (a) SEM image of as-prepared SnO2-Co3O4 oxide: sample A; and EDS
analysis for elements: (b) Sn, (c) Co, and (d) O.

4.3.2

Charge-discharge studies on SnO2-Co3O4 nanocomposite electrode

Figure 4-5 presents charge-discharge profiles for the initial cycle for samples A and B,
respectively. The samples were cycled between 0.01 and 1.5 V at the current density of
70 mA/g. As we can see, the discharge-charge curve profiles show several plateau
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shapes covering three areas, 1.1 to 0.8 V, 0.79 to 0.4 V and 0.39 to the cut-off voltage,
which implies the existence of a multi-phase reaction. These profiles are similar to those
of SnO2 that were previously reported in the literature [72, 84]. However, for Co3O4, the
plateau shapes only match well with previous reports in the lower voltage range (0.39 to
0.01 V) [161]. The reactions for the alloying/de-alloying of lithium in the tin and cobalt
oxides may be characterized by following equations:

SnO2 + 4Li+ + 4e– ⇒ 2Li2O + Sn

Sn + xLi+ + xe– ⇔ LixSn

0

(4.1)

4.4

Co3O4 + 8Li+ + 8e– ⇔ 4Li2O + 3Co

(4.2)

(4.3)

SnO2 has been proposed [50-52, 77] to have a two-step reaction with lithium as
expressed in Eqs. (4.1) and (4.2). The first reaction involves the reduction of the tin
oxide and lithium ions to lithia and metallic tin, while the second reaction expresses the
alloying of the tin with lithium. Only the second reaction took place during charge [52].
However, Co3O4 has been claimed [161, 162] to have only a one-step reaction, as
shown in Eq. (4.3). During discharge, Co3O4 is reduced to metallic cobalt, with the
process accompanied by the formation of amorphous lithia and a solid electrolyte
interphase (SEI) layer [161, 163]. During charge, metallic cobalt is re-oxidized to
Co3O4, and lithia decomposes [164]. The formation of the lithia and the metallic
tin/cobalt in the first discharge cycle resulted in irreversible capacity in these systems.
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Figure 4-5 Comparison of specific capacity vs. cycle number of prepared samples:
sample A and sample B electrodes. The current density was set at 70 mA/g.

This irreversible capacity should be attributed to formation of a polymer-like SEI, as
has been observed in the literature [77, 162, 165]. The overall electrochemical processes
for these composite materials might involve all the reactions given above. Sample A has
an initial discharge capacity of 1144 mAh/g and a charge capacity of 309 mAh/g. For
sample B, however, the initial discharge capacity and charge capacity were 1356 and
514 mAh/g, respectively. The discharge specific capacities versus cycle number of all
synthesized samples are presented in Figure 4-6. Sample B shows good performance in
terms of cyclability and capacity retention, with a retained capacity of above 300 mAh/g
for up to 75 cycles. However, the electrode that contain a lower amount of Co3O4
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Figure 4-6 Comparison of specific capacity vs. cycle number of prepared sample:
sample A and sample B electrodes. The current density was set at 70 mA/g.

(sample A) exhibits low discharge capacity during cycling. After five cycles, the
capacity slowly decreases until the 75th cycle and can only be maintained at the level of
186 mAh/g.
The electrode which contains a high amount of Co3O4 compound shows very high
capacity storage and good capacity retention during alloying/de-alloying reactions,
which could have several explanations. Co3O4 and SnO2 compounds participate in
electrochemical reactions at different potentials, i.e. their potential plateaus are
different, and therefore, Co3O4 and SnO2 could work as buffer reagents for each other to
absorb the volume changes during the alloying/de-alloying process. A second reason is
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that the good interface affinity between SnO2 and Co3O4 particles ensures structural
stability during discharge-charge measurements. The third explanation is that mixed
types of metal oxide can react reversibly with a larger amount of lithium [166] and
exhibit improved electrode performance compared to single oxides, and therefore
provide benefits from maintaining the structural stability, leading to good cycling
performance [167].

4. 4 Conclusions
A simple molten salt synthesis method for a nanocomposite anode material has been
demonstrated. It was strongly confirmed by TEM and EDS analysis that the synthesized
sample had a nanocomposite structure. The electrochemical results showed clearly that
the nanocomposite that has a high content of Co3O4 performs better in terms of higher
discharge capacity and better cycleability than a sample with a lower content of Co3O4.
This excellent performance of the nanocomposite could be mainly due to the good
interface between the two types of metal oxide particles, which resulted from the
preparation method for the nanocomposite. In addition, the molten salt method that is
demonstrated here requires no template or surfactant, and with the advantage of a
shorter synthesis time, provides another choice as a promising method for battery
industry application.
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CHAPTER 5

CARBON-COATED MoO3 NANOBELTS AS ANODE MATERIALS FOR
LITHIUM-ION BATTERIES

5. 1 Introduction
Lithium-ion batteries (LIBs) are one of the most important types of power sources for
various existing and potential applications, including popular mobile devices and next
generation electric and hybrid-electric vehicles (EVs/HEVs) because of their high
energy density [3, 52, 73]. However, one of the real challenges in battery design is to
ensure that the electrodes maintain their integrity, as this will give the batteries excellent
capacity retention and long cycle life.
Because the electrochemical insertion of lithium into MoO3 is reversible, the application
of this material in LIBs has been widely studied [168]. As an anode material, MoO3 not
only has a superior theoretical capacity of nearly 1111 mAh/g [2], which is more than
three times the theoretical capacity of graphite [100], but also has a very stable onedimensional (1D) layered structure [101, 102]. This layered structure is able to act as a
temporary support for intercalated species, such as protons, solvated lithium, and
sodium ions, as well as larger molecules [104]. However, MoO3 has poor ionic and
electronic conductivity [105], which limits its electrochemical performance. Many
researchers have tried to overcome these drawbacks by doping MoO3 with Na and Sn
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[105, 106], modifying its structure [107, 108], and incorporating it into composites
[169]. Among the doped systems, Na-doped MoO3 shows an initial capacity close to the
theoretical value, and such systems are stable after applying a low rate of current
density and increasing the cut-off voltage during cycling up to 100 cycles. In terms of
modification to the structure, MoO3 nanoparticles display magnificent performance in
both durable reversible capacity and high-rate capability. The reversible capacity
remains constant up to 150 cycles, and the batteries can be cycled at a current rate as
high as 2 C, which possibly meets the requirements for HEV applications. A similar
phenomenon is also observed in the composite compounds: the reversible capacity of
the composite compounds remains stable without any deterioration during cycling of
the electrodes.
In this chapter, the synthesis of carbon-coated MoO3 nanobelts and their
electrochemical performance as anode composite materials for LIBs are reported. From
a survey of the literature, this is the first report on C-MoO3 composite nanobelts. The
lithium-ion insertion/extraction behaviour of the C-MoO3 has been systematically
studied. It is interesting to note that the capacity of the C-MoO3 increases with
charge/discharge cycling. The excellent electrochemical performance suggests that the
C-MoO3 nanobelts can be a promising anode material for lithium-ion batteries.
5. 2 Experimental
5.2.1

Synthesis of materials

MoO3 and C-MoO3 nanobelt powders were prepared using a super-basic molten salts
method followed by a carbon layering process, as outlined in Section 3.2.2.1and 3.2.3.1.
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5.2.2

Characterization of bare MoO3 and C-MoO3 composite nanobelts

The carbon and MoO3 compound were identified by Raman spectroscopy (Jobin Yvon
HR800) and x-ray diffraction (XRD; GBC MMA generator), respectively. The
morphology of the as-prepared carbon-coated MoO3 materials was observed by
transmission electron microscope (TEM; JEOL 2011) and a scanning electron
microscope (SEM; JEOL JSM 6460A) equipped with energy dispersive spectroscopy
(EDS) and an EDS x-ray (EDS-X) mapping system.
5.2.3 Electrochemical measurements
The anode electrodes were prepared by dispersing 60 wt.% active materials, 20 wt.%
carbon black, and 20 wt.% poly(vinylidene fluoride) binder in 1-methyl-2-pyrrolidinone
solvent to form a slurry. The resulting slurry was pasted onto copper foil and dried in
vacuum at 120 oC for 12 h. Cells were fabricated for electrochemical testing and were
assembled in an argon-filled glove box (H2O, O2 < 0.1 ppm, Mbraun, Unilab, USA).
The electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate and dimethyl
carbonate (1:1 by volume, provided by MERCK KgaA, Germany), and the separator
was microporous polypropylene film. The cells were galvanostatically discharged and
charged with a Neware battery cycler in the voltage range of 0.05–3.0 V versus Li/Li+.
5. 3 Results and discussion
5.3.1

Materials characterization

From previous experience in using malic acid (MA) as the carbon source for carbon
coating/deposition on different materials [77], a temperature of 265 °C was chosen for
66

Chapter 5: Carbon-coated MoO3 nanobelts as anode materials for lithium-ion batteries
____________________________________________________________________________________

Figure 5-1 Raman spectrum of a C-MoO3 composite nanobelt electrode.

Figure 5-2 X-ray diffraction patterns of (a) MoO3 nanobelts and (b) C-MoO3 composite
nanobelts.
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this experiment to decompose the MA and obtain an amorphous carbon layer while
minimizing the crystallite growth of the MoO3. The Raman analysis results confirm the
presence of amorphous carbon in the composite nanobelt sample, and the spectrum is
presented in Figure 5-1. A few sharp peaks can be observed, which are located at 671,
825, and 996 cm-1, corresponding to MoO3 [170, 171]. However, the broadened peaks
indexed by red arrows at around 1370 and 1580 cm-1 are related to the amorphous
carbon. These peaks are in good agreement with the Raman spectra of amorphous
carbon in the literature [172-174].
X-ray diffraction results show the crystal structures, phases, and lattice modification of
the bare MoO3 nanobelts and the C-MoO3 composite (Figure 5-2). All the samples show
a number of XRD peaks, positioned at 12.8°, 23.4°, 25.8°, 27.5°, 39.1°, 46.4°, 52.9°,
57.9°, and 59.0°, which can be easily indexed as orthorhombic MoO3 in the Joint
Committee on Powder Diffraction Standards (JCPDS) database (JCPDS No. 65-2421,
space group: Pnma, no. 62). As can be seen for the C-MoO3 sample, no carbon peaks
can be identified from the XRD pattern. The carbon is hard to trace in the XRD analysis
due to its amorphous nature and the highly crystalline structure of the MoO3 nanobelts.
Scanning electron microscope and TEM images of the bare and composite nanobelts are
shown in Figure 5-3. Several agglomerations of nanobelts can be observed (Figure
5-3(a) and (b)). The nanobelts have an average diameter of around 150 nm and lengths
between 5 and 8 μm. As expected, the C-MoO3 has a thin layer of amorphous carbon
covering the nanobelts, as shown in Figure 5-3(c) and (d). The thickness of the carbon
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Figure 5-3 Scanning electron microscope images of (a) the MoO3 nanobelts and (b) the
C-MoO3 composite nanobelts. TEM images of C-MoO3 composite nanobelts at
different magnifications (c) and (d). The inset in (c) shows the corresponding SAED
pattern.

Figure 5-4 (a) Scanning electron microscope image of C-MoO3 composite nanobelts.
Corresponding EDS mappings for the elements (b) Mo, (c) O, and (d) C.
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coating is around 15 nm, which is similar to the thickness of carbon coatings on a
number of reported composites, such as SnO2/C, TiO2/C, and Si/C [77, 139, 144].
Such carbon morphology is expected to improve the ionic/electrical conductivity and
the cycling stability of C-MoO3 electrodes. The TEM image of an individual nanobelt
in Figure 5-3(c) reveals smooth facets that enclose the surfaces of the nanobelt and form
sharp edges, such that the nanobelt has rectangular flat tips with four sharp corners at
the ends. The corresponding selected area electron diffraction (SAED) pattern of the
nanobelt (inset) can be indexed to the (001) and (100) planes. Based on the nanobelt
image and its corresponding SAED pattern, it is reasonably clear that the nanobelt has
grown along the (001) crystal direction and terminates at the (010) and (100)
crystallographic facets (Figure 5-3(d)). The EDS results also indicate a uniform carbon
distribution, as shown in Figure 5-4. Figure 5-4(a) is a SEM image of the composite
sample, and Figure 5-4(b)–(d) shows the corresponding EDS mappings for the elements
Mo, O, and C, respectively. The bright spots correspond to the presence of each
element. It is obvious that the distribution of carbon in the composite is homogeneous.
It is reasonable to believe that the oxide and carbon particles are thoroughly intermixed.

5.3.2

Charge-discharge studies on bare MoO3 and C-MoO3 composite nanobelt
electrodes

The initial charge/discharge curves of the bare nanobelt and the C-MoO3 composite
electrodes are presented in Figure 5-5(a), where the composite electrode has an initial
irreversible capacity of around 192 mAh/g, which is much smaller than that of the bare
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nanobelts (492 mAh/g). The initial coulombic efficiency of the bare MoO3 nanobelts
increases from 67.57% to 85.80% after carbon coating (Figure 5-5(c)). As discussed in
previous work [77], the improvements in the initial coulombic efficiency and the initial
irreversible capacity after carbon coating are correlated with elements such as metal
atoms and/or oxygen atoms that are not bound to each other on the surface of the metal
oxide in the composite, and the presence of the carbon can further enhance the charge
transport on the surface of the composite electrode. Figure 5-5(b) shows the capacity
with cycling at a current rate of 0.1 C from 3.0 V to 0.05 V for the bare and the
composite nanobelt electrodes. For the composite nanobelt electrode, the discharge
capacity drops in the first 10 cycles; after the first 10 cycles, however, the capacity
gradually increases and reaches 1064 mAh/g at the 50th cycle. For the bare nanobelt
electrode after the first cycle, the discharge capacity drops continuously with cycling,
and at the same cycle, the discharge capacity remains at about 22.74% of the discharge
capacity of the composite sample. The observed capacity drops in the first 10 cycles are
probably due to irreversible reactions of Li with the lattice, and the crystal structure
changes in earlier stages have led to poor cycling behaviour [175-177]. This is
consistent with the known electrochemical behaviour of MoO3, which typically shows a
sharp decrease in capacity on cycling (Figure 5-5(b)). However, these capacity drops
were successfully prevented by incorporating the MoO3 with carbon. Meanwhile, the
gradual increase in capacity of the composite with cycle number might be explained by
decreased polarization of the cell as a consequence of the formation of a polymeric
layer upon cycling. According to Kerr and co-workers, the existence of the polymeric
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compound in the MoO3 would reduce the polarization effect and enhance Li ion
removal from the lattice, especially at low molar fractions of Li, by enhancing either Li
ion or electron transport, which can protect the structure from breakdown [177].
Moreover, the kinetics factor is also likely to be involved in the increase in cell
capacity. The reasons for the outstanding high capacity and capacity retention of the CMoO 3 composite electrode can be attributed to two factors: first, the high
ionic/electrical conductivity of the carbon-coated sample and second, the buffering
effect of the carbon coating on the MoO3 nanobelts. It is well-known that such a carbon
coating provides electronic conduction channels and facilitates Li-ion transport between
the active phases, both of which improve the initial coulombic efficiency and enhance
the electrochemical properties during insertion and extraction. These improvements are
consistent with the results presented in the current study. Lee and co-workers [107]
have proven that MoO3 also faces a large volume expansion during lithium intercalation
into its structure, resulting in poor capacity retention and cycl-ability. However, after
carbon coating, both the capacity retention and cyclability significantly improved,
which implies that the carbon coating not only can enhance the electrochemical
properties of the compound, but also can effectively buffer the volume expansion and
maintain the structural integrity. These improvements can be seen in the SEM images
that are presented in Figure 5-6(a) (before cycling) and 5.6(b) (after cycling). The
images show that the composite nanobelt electrode is a tough film, which still adheres
strongly to the copper substrate after cycling for over 50 cycles. However, the bare
nanobelt electrode displays a continuous loss of capacity with cycling up to 50 cycles;
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Figure 5-5 (a) Voltage profile of the first cycle of the bare nanobelt and of the carboncoated composite nanobelt electrodes; (b) the discharge capacity vs. cycle number
curves of the bare MoO3 nanobelt and the C-MoO3 composite nanobelt electrodes at a
current rate of 0.1 C; and (c) the coulombic efficiency of the C-MoO3 composite
nanobelt and the bare MoO3 nanobelt electrodes up to the 50th cycle.
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Figure 5-6 Scanning electron microscope images at different magnifications of the CMoO3 composite nanobelts (a) before and (b) after cycling, and the bare MoO3
nanobelts (c) before and (d) after cycling, respectively.

this behaviour is due to damage to the integrity of the nanobelts after charge/discharge
cycling and is supported by the SEM images shown in Figure 5-6(c) (before cycling)
and 5.6(d) (after cycling). In summary, the introduction of an amorphous carbon coating
onto the surfaces of MoO3 nanobelts can clearly overcome the drawbacks of bare MoO3
nanobelts to some extent. The carbon coating can not only improve the electrical
conductivity of the electrodes but also serve as an effective buffering agent to absorb
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the volume expansion during Li insertion, thus maintaining the integrity of the
electrode. In short, carbon coating can significantly enhance the electrochemical
performance of MoO3 nanobelt electrodes. Carbon-coated MoO3 composite nanobelts
can be one of the most promising anode materials for future lithium-ion batteries, as
they exhibit a high charge-discharge capacity and excellent cycling performance.

5. 4 Conclusions
Carbon-coated MoO3 composite nanobelts have been successfully synthesized via the
hydrothermal method followed by carbon coating. Electrochemical measurements have
demonstrated that the electrode properties of the C-MoO3 composites are significantly
better than those of the bare MoO3 nanobelts. At first, the capacity of the composite
nanobelts decreases during cycling in the first 10 cycles. However, it increases
gradually afterwards and reaches 1064 mAh/g at the 50th cycle. Compared to the bare
MoO3 nanobelts, the composite nanobelts exhibit superior electrochemical performance.
The excellent performance may arise from the effects of the carbon coating on the
nanobelts, which provide good structural stability, increase the electrical conductivity,
and moreover, can act as a volume buffer to absorb the volume variation during Li+
insertion.
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CHAPTER 6

SOLVENT-ASSISTED MOLTEN SALT PROCESS: A NEW ROUTE TO
SYNTHESIZE α-Fe2O3/C NANOCOMPOSITE AND ITS ELECTROCHEMICAL
PERFORMANCE IN LITHIUM-ION BATTERIES

6. 1 Introduction
Developing new methods for the preparation of nanomaterials, as well as the
modification of their size, morphology, and porosity, has been intensively pursued, not
only for their fundamental scientific interest, but also for many technological
applications. Studies on nanostructured materials with different morphologies have
stimulated great interest in the field of lithium-ion batteries (LIBs) because of their
many advantages, such as higher Li+ diffusion coefficients, a large contact area between
the electrode and electrolyte, which can quickly absorb and store vast numbers of
lithium ions without causing any deterioration in the electrode, and better rate capability
than conventional microscale materials [170, 178-180]. Recently, active efforts have
been made to search for alternative electrode materials in order to develop a new
generation of rechargeable Li batteries, as this is essential for addressing applications
such as hybrid electric vehicles and clean energy storage [15, 181-183]. Transition
metal oxides have been reinvestigated as anode materials, and reversible capacities
much larger than that of graphite have been found, which have been explained using the
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conversion reaction mechanism [164, 184-187]. Poizot et al. [184] found that farreaching reversible Li storage can be achieved in several transition metal oxides (M =
Fe, Ni, Co, Cu) by a reduction to the metal. Detailed studies show that a corresponding
uptake of Li transforms the transition metal oxide into a M/Li2O nanocomposite in
which 2-5 nm metal grains are embedded in an amorphous Li2O matrix [184, 186]. The
process of Li uptake/extraction is reversible in the voltage range of 0-3 V, but in some
cases, high over-potentials for Li uptake as well as for extraction limit the choice of
materials for practical applications. Only those with emf (electromotive force) values in
the range of 1.0-3.0 V are expected to achieve reasonable Li uptake and extraction
capacities under the experimental conditions used for the materials. From the viewpoint
of practical applications, an appropriate anode material should exhibit low voltage,
while a cathode material should exhibit a high voltage vs. Li+/Li [2].
Among the transition metal oxides, iron oxides, especially hematite (α-Fe2O3), are
widespread in nature and are important industrial products. Many attempts have been
made to find the best way to improve the electrochemical performance of α-Fe2O3.
Meanwhile, several methods have been successfully developed for the fabrication of
hematite nanoparticles, such as the sol-gel process, template methods, chemical
precipitation, the micro-emulsion technique, the gas-solid reaction technique, the forced
hydrolysis method, and the hydrothermal approach [118, 123-126, 128-131, 188].
Among the methods mentioned above, hydrothermal synthesis has been shown to be
advantageous over other methods in terms of homogeneous nucleation and grain growth
of hematite nanocrystals [132]. However, it has been shown that the preparation
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conditions, including concentrations, reaction temperature, and reaction time are the
main factors in determining the structures and morphologies of the α-Fe2O3
nanocrystals [133-135]. It should be noted that nanocrystals formed in this manner tend
to agglomerate [136]. However, the most challenging problems relate to the aggregation
of nanoparticles during insertion/extraction, as the nanocharacteristics then disappear
with attendant loss of capacity, which results in poor cycling performance [137, 139144, 189].
Many solutions have been proposed to overcome this limitation. Among them, the most
promising approach is to create a nanocomposite structure in which nanosized active
particles are homogeneously dispersed in a ductile and active matrix [141, 145-148]. A
relatively low mass, good electronic conductivity, reasonable Li-insertion capability,
and small volume expansion coupled with softness and compliance make carbon the
best active matrix [149, 150]. Homogeneous dispersion of nanoparticles in a matrix and
synthesis of metal oxide-encapsulated carbon have been explored as approaches to
improve the cycling behaviour and rate capability of compounds [85, 151], but it is
evident that there is still much scope for further improvement.
In this chapter, the synthesis and the electrochemical performance of α-Fe2O3/C
nanocomposite anode material are reported. The synthesis method (a simple low
temperature solvent-assisted molten salt precipitation route followed by a carbon
layering process) is quiet different compared to that reported in the literature. The
obtained α-Fe2O3/C nanocomposite exhibited higher reversible capacity, and its cycling
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performance is drastically enhanced in comparison with that of the bare powder. The
well-developed carbon layer on the surface of the α-Fe2O3/C could provide buffered
spaces during charge/discharge, not only resulting in excellent cycling performance, but
also good charge/discharge at high current rates. This excellent electrochemical
performance could be reliably produced by our synthesis strategy.

6. 2 Experimental
6.2.1

Materials synthesis

Nanostructured α-Fe2O3 and α-Fe2O3/C powders were prepared using a super-basic
molten salts method followed by carbon layering process outline in Section 3.2.1.3 and
3.2.3.1.

6.2.2

Materials characterization

X-ray diffraction analysis (XRD) was carried out on the synthesized powders with a
GBC MMA generator and diffractometer using Cu Kα radiation and a graphite
monochromator. Raman analysis was performed using a Raman spectrometer (Jobin
Yvon HR800). The powdered products were characterized by scanning electron
microscopy (SEM) using a JEOL JSM 6460A instrument and by transmission electron
microscopy (TEM) using a JEOL 2011 200 keV analytical electron microscope. TEM
samples were prepared by deposition of ground particles onto lacy carbon support films.
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6.2.3

Electrochemical measurements

The as-prepared powders were used to prepare electrodes by dispersing 30 wt.% active
materials with 50 wt.% of acetylene black and 20 wt.% of poly(vinylidene fluoride)
(PVDF) binder in 1-methyl-2-pyrrolidinone (NMP) solvent. The mixture was then
ground until it became homogeneous. The resulting slurry was pasted onto copper foil
and dried in a vacuum oven at 120 oC for 12 h to remove the NMP solvent. The
thickness of the electrode was approximately 50-60 µm with an active material loading
of 1-2 mg. The electrode was then pressed using a disc with a diameter of 14 mm to
enhance the contact between the copper foil, active materials, and conductive carbon.
The cells were assembled in an argon-filled glove box (H2O, O2 < 0.1 ppm, Mbraun,
Unilab, USA). The electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1 by volume, provided by MERCK KgaA,
Germany), and microporous polypropylene film was used as the separator. The cells
were galvanostatically discharged and charged with a Mainland battery cycler in the
voltage range of 0.01-3.0 V vs. Li/Li+.

6. 3 Results and Discussion
Figure 6-1 shows XRD patterns recorded from two typical samples of bare α-Fe2O3 and
α-Fe2O3/C composite. The XRD patterns of the samples can be consistently indexed to
the rhombohedral phase of hematite, α-Fe2O3, with the R-3c space group (JCPDS Card
no. 79-0007). It can be observed that the intensities of the diffraction peaks are reduced
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Figure 6-1 XRD patterns of bare α-Fe2O3 and α-Fe2O3/C composite powders. The scan
rate of the pattern was set at 3 °/min. The bars at the bottom (blue color) indicate the
standard lines of α-Fe2O3 (JCPDS-ICDD Card no. 79-0007).

Figure 6-2 Raman spectra of (a) bare α-Fe2O3 and (b) α-Fe2O3/C composite.
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with modification of the surface of bare α-Fe2O3, indicating that it tends to be more
amorphous rather than crystalline in phase. The crystallite sizes for both the bare αFe2O3 and the α-Fe2O3/C composite were calculated using the Scherrer formula and
found to be from 20-40 nm.
The Raman spectra of the bare and composite samples are presented in Figure 6-2. In
the range of 200-1500 cm-1, many peaks could be observed, which were located at 225,
290, 405, 495, 611, 658, 825, 1081, and 1322 cm-1, respectively. All these peaks
correspond to α-Fe2O3 phase [190-194]. The Raman peaks appearing at 225 and 495
cm-1wereassigned to A1g mode, and those at 290, 405, and 611 cm-1 were assigned to Eg
modes. The peak located at 658 cm-1 is attributed to disorder effects and/or the presence
of Fe2O3 nanocrystals, while the peak observed at 1322 cm-1 has been assigned to
hematite two-magnon scattering [190-192]. No new peaks appeared in the Raman
spectrum after carbon was introduced into the bare α-Fe2O3 sample, which is consistent
with the XRD results. However, the intensities of the peaks became relatively weaker,
indicating that the composite sample is much more amorphous than that of the bare αFe2O3 [191]. On the other hand, we could not identify the carbon peak which should be
located at 1340 cm-1 [172] in the composite sample because it has a similar position to
that of a peak of α-Fe2O3.
For quantifying the amount of amorphous carbon in the α-Fe2O3/C composite materials,
thermogravimetric analysis (TGA) was carried out in air (Figure 6-3). The samples
were heated from 50 to 700 oC at a rate of 5 oC/min. As can be seen from Figure 6-3,
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Figure 6-3 TGA curves of bare α-Fe2O3 and α-Fe2O3/C composite.

α-Fe2O3/C composite powders start to lose weight slowly with increasing temperature,
and maximum weight loss was found around 350-450 oC, while the bare α-Fe2O3
powders remain stable over the entire temperature range. As the bare α-Fe2O3 powders
remain stable over this temperature range, any weight change corresponds to the
oxidation of amorphous carbon [195]. Therefore, the change in weight before and after
the oxidation of carbon directly translates into the amount of amorphous carbon in the
α-Fe2O3/C composite. With the use of this method, it was estimated that the amount of
amorphous carbon in the composite was approximately
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Figure 6-4 TEM images of the α-Fe2O3 at different scales of (a) 200 nm and (b) 50 nm;
(c) HRTEM image of a region of (b), and (d) corresponding SAED pattern of the αFe2O3 powder. TEM images of the α-Fe2O3/C composite at different scales of (e) 200
nm and (f) 50 nm; (g) The HRTEM image of a region of (f); (h) the corresponding
image and EDS spot analysis of the α-Fe2O3/C composite (insets).
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10.5 wt.%, which was attributed to the decomposition of malic acid (C4H6O5) in the
precursor.
Preliminary transmission electron microscopy (Figure 6-4) revealed additional
information concerning structural and morphological evolution of the samples. Figure
6-4(a-d) presents TEM images of the bare α-Fe2O3. The high resolution TEM (HRTEM)
image (Figure 6-4(c)) of bare α-Fe2O3 shows that the crystallite sizes of individual
particles are in the range of 15-40 nm, which is consistent with the values from
Scherrer’s equation. The d-spacing value (0.215 nm) can be related to the
crystallographic direction of (1 1 3). Figure 6-4(d) shows the corresponding selected
area electron diffraction (SAED) pattern of bare α-Fe2O3, where all of the ring spots are
evaluated to be 0.36, 0.27, 0.25, 0.22, 0.18, 0.17, 0.14, and 0.13 nm, which can be
referred to the crystallographic directions of (0 1 2), (1 0 4), (1 1 0), (1 1 3), (0 2 4), (1 1
6), (2 1 4), and (1 0 10), respectively. These results are also consistent with the standard
information provided in the XRD section. Figure 6-4(e-h) shows images of the
composite sample. The α-Fe2O3 particles are quite uniformly distributed among the
carbon matrix, which consists of very fine carbon particles (Figure 6-4). The relatively
large α-Fe2O3 particles were also found to be covered by a thin layer of amorphous
carbon, as can be observed in Figure 6-4(g). Energy dispersive spectroscopy (EDS)
examination of the marked regions (Figure 6-4(h)) confirmed that the fine dark particles
are carbon, based on the higher carbon content in the EDS spectra, while the relatively
large ones are α-Fe2O3 particles. However, there are still strong iron peaks shown in the
EDS spectra for the carbon area, indicating that there are α-Fe2O3 particles embedded
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Figure 6-5 Cyclic voltammograms of bare α-Fe2O3 and α-Fe2O3/C composite electrodes
for first and second (inset) cycles (a); voltage profile at the first cycle (b); discharge
capacity versus cycle number, with cycling at C/2 (c), and voltage profile at the 10th
cycle cycled at C/2 and 20 C (d).

underneath. The carbon matrix and the α-Fe2O3 particles covered with a thin layer of
amorphous carbon form a porous interconnected network, which not only facilitates
electron transfer, but also favours the electrolyte diffusion into the bulk of the anode
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and provides fast transport channels for the Li ions, thereby enhancing the
electrochemical performance of the α-Fe2O3 anode.
Figure 6-5 shows the electrochemical properties of bare α-Fe2O3 and α-Fe2O3/C
composite electrodes. Cyclic voltammograms recorded for the bare α-Fe2O3 and αFe2O3/C electrodes between 0.01 and 3.0 V measured at a scan rate of 0.1 mV/s are
shown in Figure 6-5(a). Three cathodic current peaks located at 1.61, 0.97, and 0.68 V
are observed in both samples. A high intensity peak located in the range of 0.63-0.68 V
is observed for the 1st cycle and then shifts to higher potential (0.75-0.81 V) (Figure
6-5(a) inset). Another two peaks located at 1.61 and 0.97 V disappear in the subsequent
reduction process. This can be explained by two reasons, i.e., 1) a reversible conversion
reaction of Fe2O3 with metallic lithium to form lithia (Li2O) and metallic ions (Fe0), and
2) decomposition of electrolyte, which results in the formation of an organic layer that
is deposited on the surface of the particles [185]. However, in the anodic process, one
broadened peak (1.66-1.91 V) was observed, corresponding to the reversible oxidation
process of Fe0 to Fe3+. In the subsequent cycles, the anodic peak remains unchanged,
and the peak intensity of the composite is higher than that of the bare electrode, which
can be associated with the higher capacity and reactivity.
The galvanostatic charge-discharge voltage profiles for the bare α-Fe2O3 and α-Fe2O3/C
composite electrodes cycled between 0.01 and 3.0 V are shown in Figure 6-5(b, d).
Figure 6-5(b) presents the voltage profile for the 1st cycle at a constant current rate of
C/2, whereas Figure 6-5(d) shows the voltage profiles for the 10th cycle at current rates
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of C/2 and 20 C. It can be seen that the discharge plateaus (~0.85 V) in the
galvanostatic curves for both samples can be attributed to the electrochemical behaviour
of the as-prepared electrodes. The first cycle discharge capacities were found to be 1688
mAh/g and 1858 mAh/g for bare α-Fe2O3 and α-Fe2O3/C electrodes, respectively. The
10th cycle discharge capacities decreased from 1223 to 245 mAh/g for the bare α-Fe2O3,
and from 1576 to 584 mAh/g for the α-Fe2O3/C electrodes, as the charge-discharge rates
increased from C/2 to 20 C, respectively. At the higher discharge rate of 20 C, the
plateau at ~ 0.85 V versus Li/Li+ for the α-Fe2O3/C electrode is slightly decreased. It
can be concluded that the composite electrode is able to operate with large currents and
also can generate large capacity, relatively higher than that of bare α-Fe2O3 electrode.
The cycling performance of the bare α-Fe2O3and α-Fe2O3/C electrodes was investigated
at a discharge rate of C/2, and the results are shown in Figure 6-5(c). It should be noted
that there is a large capacity loss between the first and the second cycles for both
electrodes because of the formation of a thick solid-electrolyte interphase (SEI) layer on
the electrode surface during the first discharge step, as has been observed as a common
phenomenon in many kinds of anode and cathode materials [196]. The α-Fe2O3/C
electrode shows excellent long-term cycling properties, and the capacity was measured
to be 2112 mAh/g for the 100th cycle. It is remarkable that the capacity first decreases
with cycling, reaches a minimum, and then rises gradually afterwards. This capacity
rise phenomenon is not fully understood yet, but it is likely to be related to the growth
of the gel-like layer. Similar results have also been observed in Li2O-CoO [197] and
Li2O-Cu2O thin-film electrodes [198].
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For comparison purposes, the electrochemical properties of our synthesized α-Fe2O3
and α-Fe2O3/C composite powders in this work and those of α-Fe2O3 materials reported
in the literature are summarized in Table 6-1. The results presented here show that the
synthesized α-Fe2O3/C composite possesses excellent electrochemical properties in
terms of high rate capability, good cycling stability, and increasing capacity upon
cycling, which is rarely found in previous reports.

In brief, several reasons could be responsible for the excellent electrochemical
performance of the α-Fe2O3/C composite electrode. The nanostructured α-Fe2O3/C
composite could provide better contact between the electrode and electrolyte, reducing
the traverse time for both electrons and lithium ions. It also offers flexibility and
toughness to absorb the contraction and expansion processes during lithium-ion
insertion/extraction, which would help to enhance the electrochemical performance
[170, 178-180]. On the other hand, the carbon layer, which provides the carbon shell on
the surface of the α-Fe2O3 nanoparticles, is beneficial for the diffusion of lithium ions,
since it is conductive. The carbon layer also can act as a barrier to prevent the
aggregation of metal oxide nanoparticles, thus increasing their structural stability and
protecting the film from further high volume expansion during cycling. This is
supported by the scanning electron microscope (SEM) images collected after
charge/discharge processes at low (C/2) and very high current rates (20 C), as shown
in Figure 6-6. The image of the bare α-Fe2O3 electrode (Figure 6-6(a)) shows that a
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large bubble formed on the surface with small cracks when the film was exposed to a
s

m

a

l

l

Table 6-1 Comparison of the electrochemical properties of nanosize α-Fe2O3 and αFe2O3/C composite fabricated in this work with those of α-Fe2O3 produced with
different shapes and by different methods, as reported in the literature.
Samples

Method of
synthesis

Potential
vs.

Current
rate/C

Molten salts

α-Fe2O3/amorphous

Molten salts

Thermal

Specific capacity

specific
capacity

%

/ mAh g-1

C/2

69.1

1688

903after 100 cycles

20C

81.5

447

245 after 10 cycles

C/2

80.1

1858

2112 after 100 cycles

20C

87.1

737

584 after 10 cycles

3.0 – 0.01

C/10.1

-

1415

~510 after 100 cycles

[118]

3.0 – 0.01

C/50.3

75.9

1248

~650 after 50 cycles

[136]

C/25.1

75.3

1226

~575 after 50 cycles

C/16.8

74.7

1171

~520 after 50 cycles

C/12.6

73.8

1021

~421 after 50 cycles

C/10.1

72.7

906

~325 after 50 cycles

3.0 –

C/20 (1st

-

~1280

~795 after 90 cycles

0.005

two cycles)

-

~1095

~600 after 100 cycles

and C/5 for

-

~985

~910 after 100 cycles

3.0 – 0.01

3.0 – 0.01

retention/mAh g

Reference

-1

efficiency/

carbon
α-Fe2O3-nanotubes

Initial

coulombic

(Li/Li+)/V

α-Fe2O3

Initial

This work

This work

decomposition
α-Fe2O3-Submicro

Hydrothermal

flower

α-Fe2O3-CMC

Ball Milling

-PVDF
-Heat treated
PVDF

[199]

the
following
cycles

α-Fe2O3-mesoporous

Solvothermal

3.0 – 0.5

C/16.8

-

1279

830 after 15 cycles

[200]

Hydrothermal

3.0 – 0.01

C/50.3

75.9

1248

~586 after 30 cycles

[201]

70.8

~1199

~549 after 30 cycles

hollow
spheres
α-Fe2O3-nanospheres
-nanowires
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-nanosheets

69.1

~1190

~442 after 30 cycles

-nanocuboids

60.5

~1067

~360 after 30 cycles

71.7

1332

763 after 30 cycles

α-Fe2O3-nanorods

Hydrothermal

3.0 – 0.01

C/10

[202]

CMC – Carboxymethyl cellulose
PVDF – Polyvinylidene fluoride
1C = 1005 mAh g-1

Figure 6-6 SEM images of (a) bare α-Fe2O3 and (b) α-Fe2O3/C composite electrodes
after 100 charge/discharge cycles at C/2; images of (c) bare α-Fe2O3 and (d) α-Fe2O3/C
composite electrodes after 10 charge/discharge cycles at 20 C.

current rate. The shape of this film, however, is found to be broken, with even larger
cracks, and no longer adhering to the substrate after being exposed to a very high
current rate (Figure 6-6(c)). This morphology is believed to be responsible for the low
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capacity of the bare electrode. In the case of the α-Fe2O3/C composite electrode, the
corresponding images (Figure 6-6(b, d)) show the opposite situation both at low and
high current rates. The surface of the electrode is better than that of the bare α-Fe2O3
electrode after both current rates, without the presence of any bubbles in the film, and
although a little break is observed, the film still strongly adheres to the substrate.

6. 4 Conclusions
In this chapter, α-Fe2O3/C composite has been successfully prepared by a simple
solvent-assisted molten salt process using a eutectic mixture of LiNO3:LiOH.H2O:H2O2,
which was followed by a carbon layering process. The TEM results indicate that
particles of pure α-Fe2O3 with very small crystal size (20-40 nm) were covered by an
amorphous carbon layer, and that carbon covered α-Fe2O3 particles were embedded in a
carbon matrix. Electrochemical results clearly demonstrated that the electrode
properties of the α-Fe2O3/C composite were much better than those of the bare α-Fe2O3
nanoparticles. The excellent electrochemical performance of the composite could be
related to the combined effects of the nanostructure, the carbon layering on the
nanoparticles, and the porous ultra-fine carbon matrix, which would jointly contribute
to enhancing the structural stability and improving the lithium storage kinetics, by
reducing the traverse times of electrons and lithium ions, and also by stabilizing the SEI
film, which would result in improved rate and cycling performance. The synthesis
process employed is very simple, convenient, informative, and requires only a low
treatment temperature. Due to the simple and low temperature synthesis, the as92
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prepared α-Fe2O3/C composite has been demonstrated to be a highly promising anode
material for Li-ion battery application.
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CHAPTER 7

SnO2-NiO-C NANOCOMPOSITE PREPARED via A MOLTEN SALT AND
CARBON LAYERING PROCESS: A HIGH CAPACITY ANODE MATERIAL
FOR LITHIUM-ION BATTERIES

7. 1 Introduction
Research and development on lithium-ion batteries as portable power sources are
continuing to attract more and more attention. Lithium-ion batteries have become a very
topical research area in science and industry due to their high-energy storage density,
long cycle life, and capacity to act as high power sources [203, 204]. However, the main
challenge in the fabrication of these batteries is to ensure that the electrodes maintain
their integrity during hundreds of discharge-recharge cycles. Many recently proposed
electrode systems have limited cycle life due to the growth of passivation layers and/or
Li-alloying agglomeration, which leads to high capacity loss and poor cycling
performance, thus restricting their application as anode materials for lithium ion
batteries [184, 198]. To improve electrode capacity, cycling performance, and rate
capability, some hybrid materials with multidimensional networks characterized by high
surface area, high conductivity, and highly porous nanostructures have been developed
[3, 205, 206]. Recently, stannous oxide (SnO2) has been intensively studied as an active
material in hybrid systems. Its high theoretical storage capacity of 782 mAh/g and
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maximum intake of 4.4 Li per Sn atom to form Li4.4Sn during alloying make it one of
the most suitable compounds to replace carbon anode in the lithium ion battery.
However, tin-based materials have a disadvantage, in that they undergo significant
volume expansion and contraction during lithium intercalation and de-intercalation
[189, 207]. This causes cracking and crumbling, and results in “dead volume”, which is
electrically disconnected from the bulk material or the current collector. The
mechanically inactive “dead volume” results in subsequent degradation of electrode
performance during cycling. Special structures have been designed to stabilize the
morphology of electrodes in order to alleviate the volume changes and mechanical
stress in Sn-metal alloy [55, 56, 58, 208, 209] or tin-based composite [210-212].
In such cases, another inactive or less active composition is used as a supporting and
conducting matrix to buffer the volume change. Many of these new anode materials are
composed of Sn or SnO2 in combination with other metal oxides, such as ZnO-SnO2
[82], RuO2-SnO2 [92], CuFe2O4-SnO2 [93], SiO2-SnOy [94], CuO(nanotube)-SnO2 [95],
Sn-Co-C [74], and Sn-Ni-C [213]. These hybrid systems have some properties which
would be difficult to achieve in a single system, such as higher catalytic activity,
capability to absorb the volume variation of the active material during lithium insertion,
and ability to react reversibly with a larger amount of lithium, so that they can greatly
improve the electrochemical performance compared to the single systems [82, 94, 167,
214, 215]. However, studies on SnO2-NiO and carbon-coated SnO2-NiO as anode
materials for lithium-ion batteries have been rarely reported.
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In this chapter, carbon-coated SnO2-NiO nanocomposite was synthesized by a simple
molten salt technique followed by a carbon layering process. SnO2-NiO particles were
simply and effectively coated by amorphous carbon obtained from malic acid dispersed
in toluene. By using this method, the usual drastic volume variation and agglomeration
of nanoparticles were avoided, and the kinetic properties of the active materials were
enhanced. Consequently, the electrochemical performance of the electrode was
significantly improved. Furthermore, the molten salt method is easy to carry out and
scale up, the treatment temperature is low, and the raw molten salt materials are
recyclable, as reported in previous work [216]. In this investigation, the structural and
electrochemical properties of the SnO2-NiO-C nanocomposite are characterized with
the aim of obtaining better anode materials for lithium-ion batteries.

7. 2 Experimental
7.2.1

Material synthesis

Nanocomposite SnO2-NiO and SnO2-NiO/C powders were prepared by a super-basic
molten salts method followed by the carbon coating process outlined in Section 3.2.1.2
and 3.2.3.1.

7.2.2

Material characterization

X-ray diffraction analysis (XRD) was carried out on the synthesized powders using a
GBC MMA diffractometer with Cu Kα radiation and a graphite monochromator.
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Raman spectroscopy was conducted using a Jobin Yvon HR800 to identify the
amorphous carbon in the composite powder. Thermogravimetric analysis (TGA) was
performed on a SETARAM Thermogravimetric Analyzer (France) in air to determine
the changes in sample weight with increasing temperature and to estimate the amount of
carbon present in the SnO2-NiO nanocomposite. Transmission electron microscopy
(TEM) was performed using a 200 kV JEOL 2011 instrument equipped with a JEOLEnergy Dispersive X-ray Spectrometer (EDS). TEM powder samples were prepared by
dispersion onto holey carbon support films.

7.2.3

Electrochemical measurements

The as-prepared powders were used to prepare electrodes by dispersing 75 wt.% active
materials with 20 wt.% acetylene black, and 5 wt.% poly(vinylidene fluoride) (PVDF)
binder in 1-methyl-2-pyrrolidinone (NMP) solvent. The mixture was then ground until
it became homogeneous. The resulting slurry was pasted onto copper foil and dried in a
vacuum oven at 120 oC for 12 h to remove the NMP solvent, and the electrodes were
then pressed under a pressure of approximately 200 kg/cm2.The cells were assembled in
an argon-filled glove box (H2O, O2 < 0.1 ppm, Mbraun, Unilab, USA). The electrolyte
was 1 M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(1:1 by volume, provided by MERCK KgaA, Germany), and microporous
polypropylene film was used as the separator. The cells were galvanostatically
discharged and charged in the voltage range of 0.01-3.0 V vs. Li/Li+. Cyclic
voltammetry (CV) measurements were performed using an electrochemical workstation
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(CHI660A) at a scan rate of 0.1 mV/s between 0.01 and 3.0 V versus Li/Li+. Impedance
measurements were carried out several times with a computer controlled CHI
instrument at room temperature (RT). The frequency range was varied from 1 MHz to
10 mHz with ac signal amplitude of 10 mV. The collected data were analyzed using
ZPlot® and ZView™ software to obtain the Nyquist plots (Z′ vs. –Z″).

7. 3 Results and discussion
The molten salt compositions with their low melting point are helpful in hindering the
growth of SnO2–NiO particles in a eutectic environment. The method shows an
accelerated reaction rate and controllable particle morphology, because the salt melt
acts as a strong solvent with a high ionic diffusion rate [217]. Furthermore, the
amorphous carbon obtained by the present carbon-layering process, among other modes
of action, suppresses aggregation of nanoparticles and thus generates porous SnO2-NiOC nanostructures. The overall synthetic procedure is schematically described inFigure
7-1. The Raman spectrum of the SnO2-NiO-C composite is shown in Figure 7-2. The
results exhibit two kinds of peaks, namely, the graphite carbon peak (G peak) located at
~1597 cm−1 and the disordered carbon peak (D peak) at ~1341 cm−1. Thus, it confirms
that the carbon in the composite is amorphous carbon [172-174]. Figure 7-3 presents the
X-ray diffraction patterns of the coated and uncoated compound, which were obtained
using a scan rate of 2 °/min in the range of 10-80°. Both diffraction patterns clearly
show that there is a two-phase structure, where some peaks are broad and have low
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Figure 7-1 Schematic model of synthetic procedure: (a) mixed raw materials; (b) solid
molten salts and SnO2-NiO; (c) un-coated SnO2-NiO composite; (d) final product of
SnO2-NiO-C.
intensity, and the others are sharp and have relatively high intensities. The broad
reflection peaks can be easily indexed to a tetragonal phase of cassiterite SnO2 (JCPDS
2-1340, space group P42/mnm (No. 136)), while the sharp reflection peaks can be
indexed as a cubic phase of bunsenite NiO (JCPDS 71-1179, space group Fm3m (no.
225)). The approximate crystallite sizes in the powders were estimated to be 1-2 nm for
the SnO2 and 13-90 nm for the NiO, respectively, using the Debye-Scherrer equation,
where (1 0 1) was used for SnO2 and (2 0 0) for NiO,with the Si standard (2 2 0) peak
used as a reference. Broad diffraction peaks or lines corresponding to amorphous or
crystalline carbon were of insufficient intensity to be detected against the background in
the XRD pattern of the SnO2-NiO-C composite, however, amorphous carbon in the
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Figure 7-2 Raman spectrum of the SnO2-NiO-C nanocomposite powder.

Figure 7-3 XRD patterns of the (a) as-prepared SnO2-NiO and (b) SnO2-NiO-C
powders.
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composite product was detected by TGA, as shown in Figure 7-4, and by TEM
examination (Figure 7-5). TGA was used to quantify the exact amount of amorphous
carbon in the SnO2-NiO-C nanocomposite material. The TGA was carried out in air,
with the samples heated from 50 to 700 oC at a rate of 5 oC/min. As can be seen from
Figure 7-4, SnO2-NiO-C nanocomposite powders start to lose weight slowly with
increasing temperature, with the maximum weight loss around 150-450 oC, while the
SnO2-NiO powders remain stable over the entire temperature range. As the SnO2-NiO
powders remain stable over the temperature range, any weight change corresponds to
the oxidation of amorphous carbon [195]. Therefore, the change in weight before and
after the oxidation of carbon directly translates into the amount of amorphous carbon in
the SnO2-NiO-C nanocomposite. With the use of this method, it was estimated that the
amount of amorphous carbon in the composite was approximately 51.84 wt. %, which
was attributed to the decomposition of malic acid (C4H6O5) in the precursor. From
comparison with the JCPDS database lines in the figure, no other peaks were detected,
even after the surface coating, which indicates that SnO2-NiO and carbon-coated SnO2NiO nanocomposites were successfully obtained under the current synthetic conditions.
Transmission electron microscope (TEM) images of the SnO2-NiO and SnO2-NiO-C
powders are shown in Figure 7-5. Figure 7-5(a) presents a TEM image of the SnO2-NiO
powder. This high resolution TEM image of the SnO2-NiO shows that the interplanar
spacing of individual particles in the SnO2 [110] and the NiO [111] directions are
approximately 0.335 and 0.243 nm between neighbouring planes. The individual
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Figure 7-4 TGA results for SnO2-NiO and SnO2-NiO-C samples.

Figure 7-5 TEM image of SnO2-NiO powder (a), corresponding SAED pattern (b),
TEM image of SnO2-NiO-C powder (c), and corresponding EDS spectrum of the
marked region of (c).
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Figure 7-6 TEM images of individual SnO2 (a) and NiO (b) powders, with the
magnified insets showing the corresponding d-spacing value.

Table 7-1: The crystal sizes along three crystallographic directions for the SnO2-NiO
and SnO2-NiO-C composite samples.
SnO2-NiO
SnO2

Crystal sizes (nm)

(hkl)

NiO

Crystal sizes (nm)

(hkl)

110

1.1

111

39.5

101

1.7

200

54.6

211

1.1

220

23.4

Crystal sizes (nm)

NiO

Crystal sizes (nm)

SnO2-NiO-C
SnO2
(hkl)

(hkl)

110

1.6

111

59.2

101

1.8

200

89.9

211

1.2

220

25.9
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Figure 7-7 TEM images of SnO2-NiO (a, b) and SnO2-NiO-C (c, d) powders at different
magnifications.

particles of SnO2 and NiO in the composite samples matched well with SnO2 and NiO
particles which were synthesised separately (Figure 7-6). Meanwhile, crystallite sizes of
individual particles of SnO2 and NiO are in the range of 1-2 nm and 13-90 nm,
respectively, which are in good agreement with the values from the Scherrer
calculations. The values of the crystal sizes along three crystallographic directions for
the SnO2-NiO and SnO2-NiO-C samples are shown in Table 7-1. Figure 7-5(b) contains
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the corresponding selected area electron diffraction (SAED) pattern of the SnO2-NiO
powder. The diffraction rings and discrete spots are due to the very fine SnO2 and
relatively coarse NiO particles, respectively. Therefore, this diffraction pattern can be
indexed as mixed fine SnO2 and coarse NiO. The result is not only consistent with the
XRD results presented above, but also with the TEM image of the SnO2-NiO-C in
Figure 7-5(c), which shows that the powder consists of large NiO and small SnO2
particles, as well as amorphous carbon. It should be noted here that the amorphous
carbon was successfully identified by comparing it with the amorphous carbon on the
copper grid, as observed in the inset to Figure 7-5(c). The EDS spectrum obtained from
the marked region of Figure 7-5(c) is given in Figure 7-5(d). The Sn L peaks come from
the SnO2, the Ni K and L peaks from NiO, the O K peak from the both NiO and SnO2,
the C K peak from the carbon coating, and the Cu K and L peaks from the Cu grid. It
was noted that after layering with amorphous carbon, the structure of SnO2-NiO clearly
indicated the order of each element to be better, neat and orderly (Figure 7-7).
Electrochemical performances of the SnO2-NiO and SnO2-NiO-C electrodes are
presented in Figure 7-8. Figure 7-8(a) shows cyclic voltammograms obtained in the
potential range of 3.0-0.01 V and collected at a scan rate of 0.1 mV/s. Several reduction
and oxidation peaks could be observed in the CV results, implying that the samples
have a multiple reaction mechanism, which could be characterized by the following
equations:

2Li+ + NiO + 2e– ⇔ Ni + Li2O

(7.1)
105

Chapter 7: SnO2-NiO-C nanocomposite prepared via a molten salt and carbon layering process: a high
capacity anode material for lithium-ion batteries
____________________________________________________________________________________

4Li+ + SnO2 + 4e– ⇒ Sn + 2Li2O

(7.2)

4.4Li+ + Sn + 4.4e– ⇔ Li4.4Sn

(7.3)

xLi+ + C (amorphous carbon) + xe– ⇔ LixC

(7.4)

NiO has been proposed to have a one-step reaction with lithium, as expressed in Eq.
(7.1). As observed in the reduction process, the peak located at 0.95 V corresponds to
the reduction process of NiO into Ni, as well as the formation of amorphous Li2O and
the solid electrolyte interphase (SEI). The two oxidation peaks of NiO positioned at
1.58 and 2.2 V could be related to the decomposition of the SEI and the formation of
Li2O, and with the formation of NiO, which is fully reversible, according to the reaction
of Eq. (7.1) [218, 219]. Meanwhile, SnO2 is well known to have a two-step reaction, as
expressed in Eqs. (7.2) and (3) [50]. In the first step reaction, the peaks positioned at
0.66 and 0.35 V correspond to the reduction reaction of SnO2 with lithium ions to form
metallic Sn and Li2O (Eq. 7.2). The oxidation peaks observed at 0.55 and 1.28 V can be
related to the reaction between metallic Sn and lithium ions to form LixSn (Eq. 7.3).
Only this third reaction took place for the next oxidation/reduction process [66, 80]. It
might be believed that the amorphous carbon participates in the electrochemical
reaction as expressed in Eq. (7.4) [80], where the sharp peak at around 0.02 V
corresponds to the Li insertion into amorphous carbon, however, we are unable to
identify the de-insertion reaction peak of carbon in our CV result. From the CV results,
it can be concluded that the overall electrochemical process for the composite materials
might involve all four reactions given above.
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Figure 7-8 Electrochemical performances of SnO2-NiO and SnO2-NiO-C: (a) Cyclic
voltammograms at a sweep rate of 0.1 mV/s; (b) Consecutive cyclic behaviour at
different rates; (c) Galvanostatic charge-discharge voltage profiles for SnO2-NiO-C,
with the inset showing comparable profiles for SnO2-NiO; (d) Rate capability at
different current densities; (e) Cycle life at high current densities of 800 mA/g and 1600
mA/g; and (f) EIS spectrum after charge/discharge, with the inset showing the
equivalent circuit.
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In order to allow full estimation of the electrochemical performances of SnO2-NiO and
SnO2-NiO-C electrodes, the consecutive cycling behaviours (Figure 7-8(b)) and
galvanostatic

charge-discharge

voltage

profiles

(Figure

7-8(c))

at

various

charge/discharge rates (50, 200, 400, 600, and 800 mA/g) are shown in Figure 7-8. The
specific discharge capacity of the SnO2-NiO-C electrode at 600 mA/g is 58 % of its
initial specific discharge capacity at 50 mA/g. In fact, when discharged at 800 mA/g,
the specific discharge capacity still shows approximately 54 % of the first specific
capacity that obtained at 50 mA/g. On returning to 50 mA/g, the electrode delivers a
specific discharge capacity of about 852 mAh/g, even after 60 cycles. In contrast, the
specific discharge capacity of the SnO2-NiO electrode at 600 mA/g and 800 mA/g is
only 11% and 7% of its initial specific capacity at 50 mA/g, respectively. Figure 7-8(d)
shows the variation in the cell capacity as a function of the applied current rate,
expressed in terms of mA/g. The lowest slope indicates the best rate capability. That is
to say, the SnO2-NiO-C electrode shows the best rate capability. Here, the carbon
component could increase the electron transfer and reduce the charge transfer resistance
within the particles, giving the carbon coated composite the best rate capability. At the
low current density of 50 mA/g, no differences in capacity can be observed for the two
electrodes. This is reasonable because Li+ insertion/extraction is sufficient at the
relatively low current rate. The capacity difference between the SnO2-NiO and SnO2NiO-C electrodes increases with increasing current rate. This result confirms that the
carbon coating on SnO2-NiO particles can significantly improve the kinetics of the
SnO2-NiO-C electrode. Figure 7-8(e) presents the cycle life up to 500 cycles for both
108

Chapter 7: SnO2-NiO-C nanocomposite prepared via a molten salt and carbon layering process: a high
capacity anode material for lithium-ion batteries
____________________________________________________________________________________

samples at the high current densities of 800 mA/g and 1600 mA/g. For the SnO2-NiO
electrode, the degradation in the discharge capacity is very significant, and this trend
can be observed throughout the whole cycling performance. However, after carbon
coating, the electrochemical properties improved dramatically, and the SnO2-NiO-C
electrode demonstrates a stable capacity as high as 529 mAh/g at 800 mA/g and 265
mAh/g at 1600 mA/g, even after 500 cycles. This excellent performance is better than
those of other Sn-based or Ni based composite materials [92, 95, 219, 220], which
makes the materials more promising for further investigation for lithium battery
applications.
AC electrochemical impedance spectroscopy (EIS) was performed on the SnO2-NiO
and SnO2-NiO-C composite electrodes, as shown in Figure 7-8(f). Prior to the AC
impedance testing, the electrodes were cycled galvanostatically for five cycles to ensure
the stable formation of the SEI layer on the surface of the electro-active particles.
Impedance studies were carried out on the cycled SnO2-NiO and SnO2-NiO-C
electrodes at the potentials of 1.85 and 2.25 V vs. Li, respectively. An equivalent circuit
(Figure 7-8(f) inset) was used for fitting the electrochemical impedance spectra. The
intercept at the Zreal axis at high frequency corresponds to the ohmic resistance (RΩ),
which represents the total resistance of the electrolyte, separator, and electrical contacts.
The semicircle in the middle frequency range indicates the charge transfer resistance
(Rct). The inclined line at lower frequency represents the Warburg impedance (W),
which is associated with lithium-ion diffusion in the SnO2-NiO particles. The resistance
of the combination of the electrolyte, separator, and electrical contacts (RΩ) is similar
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for both electrodes. This is because the electrodes were prepared by adding a conductive
carbon black agent, which induces good conductivity in the electrode. It can be clearly
seen that the Rct is much smaller for the SnO2-NiO-C electrode (Rct = 41 ± 5Ω) than for
the SnO2-NiO electrode (Rct = 303 ± 5Ω), which indicates that the carbon coating could
enable much easier charge transfer at the electrode/electrolyte interface, and
consequently decrease the overall battery internal resistance. The electrode could
accordingly possess higher reactivity and lower polarization. In other respects, the
modifications in impedance are also associated with the component alterations of the
electrode. The amorphous carbon layering on the nanoparticles has multiple actions:
extending the surface area, preventing aggregation, and enhancing the electronic
conductivity of the composite material, which would contribute together to enhance the
structural stability, improve the lithium storage kinetics, and stabilize SEI films,
resulting in improved rate and cycling performance.
7. 4 Conclusions
Carbon-coated SnO2-NiO nanocomposite has been successfully produced by a molten
salt method, followed by a carbon layering process. The composite, along with bare
SnO2-NiO, was investigated as anode for lithium-ion batteries. The XRD studies show
that the product was a dual phase oxide composed of tetragonal SnO2 and cubic
structure NiO. TEM images of the SnO2-NiO-C powder indicate that the crystallite
sizes of SnO2 and NiO are in the range of 1-2 nm and 13-90 nm, respectively. The oxide
particles were found to be covered by an amorphous carbon layer, and the carbon
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covered SnO2 and NiO particles are embedded in a carbon matrix. It was found that the
discharge capacity of SnO2-NiO was dramatically improved after coating with
amorphous carbon. The carbon coated composite showed the best electrochemical
performance in terms of high capacity, enhanced rate capability, and excellent cycling
stability, with capacity of 529 mAh/g at 800 mA/g and 265 mAh/g at 1600 mA/g, even
after 500 cycles. This high performance can be ascribed to the combined effects of the
nanosize compound, good interface behaviour between the carbon matrix and the SnO2NiO structure, and the highly porous nature of the carbon matrix. This research suggests
that carbon-coated SnO2-NiO nanocomposite could be a promising anode material for
lithium-ion batteries.
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CHAPTER 8

α–Fe2O3 AS AN ANODE MATERIAL WITH CAPACITY RISE AND HIGH
RATE CAPABILITY FOR LITHIUM-ION BATTERIES

8. 1 Introduction
Studies on nanostructured materials with different morphologies have stimulated great
interest in the field of lithium-ion batteries (LIBs). Because of their many advantages,
such as higher Li+ diffusion coefficients and the large contact area between the
electrode and electrolyte, they can quickly absorb and store vast numbers of lithium
ions without causing any deterioration in the electrode and have better rate capability
than conventional micron-scale materials [170, 178-180].
In the battery area, iron oxide is one of the transition metal oxides which have received
increasing attention due to their low cost, abundance, and low environmental impact
[221]. Many attempts have been conducted to find the best way to improve the
electrochemical performance of α–Fe2O3. For example, Hang and collaborators [221]
studied the effects of binder content on the cycling performance. The samples were
tested for 100 cycles at current density of 0.2 mA/cm2. The results showed that the
capacity can only be maintained at ~ 650 mAh/g after 100 cycles. The results also
revealed that polyvinylidene fluoride (PVdF) binder could play an important role as an
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agent that accelerates the growth of a gel-like organic layer on the iron particles, and
therefore, that increasing the binder content would lead to increased capacity during the
reaction. Hang and co-workers [222] also investigated the effects of carbonaceous
materials on the electrochemical properties of Fe2O3 and found that good results could
only be achieved from electrodes which incorporated acetylene black (AB). After 100
cycles, the electrode tested at 0.2 mA/cm2 had a reversible capacity of more than 300
mAh/g, which was higher than for other nano-carbons.
In terms of modifications to the structure, Zeng’s group [223] reported that their
nanorods with large surface area and small particle size exhibited high discharge
capacities after charging/discharging at 0.2 mA/cm2. However, no cycling performance
results were reported in their study. NuLi and co-workers [201] used the hydrothermal
method to synthesize many types of α–Fe2O3 with different morphologies, such as
cubic, spherical, sheet-like, rod-like, and wire-like hematite nanocrystals as anode
material for LIBs. The samples were tested at 20 mA/g for 30 cycles. Among these
samples, the nanospheres exhibited the highest first discharge capacity, 1248 mAh/g.
However, in terms of capacity retention, the nanowires exhibited better cycling
performance than the nanospheres. Liu and his group [202] have synthesized nanorods
using a facile method (hydrothermal). Their nanorod electrodes were tested at 0.1 C (~
100 mA/g) for 30 cycles. The discharge capacity for the nanorods was 700 mAh/g,
which was higher than the capacity of microcrystalline electrode after the same number
of cycles. The electrochemical improvements from the nanorods are due to their high

113

Chapter 8: α–Fe2O3 as an anode material with capacity rise and high rate capability for lithium-ion
batteries
____________________________________________________________________________________

surface area, the high activity of the nanostructured materials, and the shorter pathways
for lithium-ion diffusion.
Wang’s group [224] investigated nanosized α–Fe2O3 as negative electrode for LIBs.
Their study was based on the effects of the acetylene black (AB) content and the effects
of the calcination temperature. The cells were charged/discharged at 0.2 mA/cm2 for
more than 200 cycles. They showed that the α–Fe2O3 needs a large amount of AB to
achieve good electrochemical performance. Compared with samples containing less
AB, the electrode with a large amount of AB exhibited higher electrochemical
performance, with a reversible capacity of about 950 mAh/g after 50 cycles. They also
reported that the capacity of α–Fe2O3 increased upon cycling and can reach 1300 mAh/g
after 200 cycles. As for the effects of the calcination temperature, 300 °C was the best
calcination temperature for α–Fe2O3. The discharge capacity of the α–Fe2O3 calcined at
this temperature was around 1100 mAh/g, which is higher than that of other samples
which were calcined at temperatures up to 500 °C.
The references above show that many efforts have been made to improve the
performance of α–Fe2O3 as anode materials for LIBs, which could result in promising
solutions to solve many of the disadvantages that LIBs currently have. However, there
have been few reports on long cycling, multiple current density testing, and high current
rate performance. The investigation of this performance is interesting because it can
help to realize promising anode materials which could meet the requirements of current
highly topical applications, such as hybrid electric vehicles and power tools.
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In this chapter, a simple, effective, and high-yield production method to synthesize
nanosized α–Fe2O3 powder is identified as a good option to markedly improve the
kinetics of lithium intercalation/de-intercalation, the cycling stability, and the rate
capability of nano-iron oxides. It is interesting to note that the prepared product shows
enhanced reversible capacity after a few cycles and can be charged/discharged at
current rates as high as 40 C. This versatile method could be a promising way to prepare
novel anode materials for LIBs.

8. 2 Experimental
8.2.1

Materials synthesis

The synthesis procedure for nanosized α-Fe2O3 hematite type powder is described in
Section of 3.2.1.3.

8.2.2

Materials characterization

Raman analysis was performed using a Raman spectrometer (Jobin Yvon HR800). Xray diffraction analysis (XRD) was carried out on the synthesized powders with a GBC
MMA generator and diffractometer using Cu Kα radiation and a graphite
monochromator. The powdered products were characterized by scanning electron
microscopy (SEM) using a JEOL 6460 and transmission electron microscopy (TEM)
using a JEOL 2011 200 keV analytical electron microscope. The cells were
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galvanostatically discharged and charged with a battery cycler in the voltage range of
0.01-3.0 V vs. Li/Li+.

8.2.3

Electrochemical measurements

The as-prepared powders were used to prepare electrodes by dispersing active material,
carbon black, and poly(vinylidene fluoride) (PVDF) binder in a

composition of

30:50:20 in 1-methyl-2-pyrrolidinone (NMP) solvent, with the mixture ground until it
became homogeneous, using an agate mortar. The resulting slurry was pasted onto
copper foil and dried in vacuum at 120 °C for 12 h to remove the NMP solvent. The
electrodes were then pressed into the form of a disc with a diameter of 14 mm to
enhance the contact between the active materials and the conductive carbon. Cells were
fabricated to test the charge/discharge performance. The cells were assembled in an
argon-filled glove box (H2O, O2< 0.1 ppm, Mbraun, Unilab, USA). The electrolyte was
1 M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1
by volume, provided by MERCK KgaA, Germany), and microporous polypropylene
film was used as the separator.

8. 3 Results and discussion
A Raman spectrum of the product synthesized via the molten salt method is presented in
Figure 8-1.The spectrum contains bands at ~ 224, 288, 405, 495, 610, 658, and 1322
cm-1 in the range of 200-1500 cm-1. These peak positions are in good agreement with
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the α-Fe2O3 reported in the literature [194, 225, 226]. The Raman peaks appearing at
225 and 495 cm-1 were assigned to the A1g mode. The peaks at 290, 405, and 611 were
assigned to Eg modes. The peak located at 658 cm-1 is attributed to disorder effects
and/or the presence of Fe2O3 nanocrystals [190, 192]. The peak observed at 1322 cm-1
was assigned to hematite two-magnon scattering [190-192]. No other peaks were
detected, demonstrating that the as-synthesized samples belong to the α–Fe2O3 phase
and are free from other iron oxides and iron oxyhydroxides.
The composition and phase purity of the as-prepared products were examined by XRD.
Figure 8-2 shows XRD patterns of nanosize α–Fe2O3 powders. It can be observed that
the intensity of the characteristic peaks is very strong, indicating its highly crystalline
structure. All the diffraction peaks can be easily indexed to the rhombohedral phase of
hematite, α–Fe2O3with the R-3c space group (JCPDS Card no. 79-0007). Hematite has a
rhombohedrally centred hexagonal structure of corundum-type, with a close-packed
oxygen lattice in which two thirds of the octahedral sites are occupied by Fe(III) ions.
The crystallite size for the α–Fe2O3 powder was calculated using the Scherrer formula
to be approximately 20 to 40 nm.
Figure 8-3 shows a scanning electron microscope image and the energy dispersive x-ray
(EDX) spectrum of α–Fe2O3 powder. In Figure 8-3(a), it can be seen that the particles of
the as-prepared α–Fe2O3 tend to be agglomerates. The sizes of the agglomerates are in
the range from a hundred nanometers to a few micrometers, with the majority of
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Figure 8-1 Raman spectrum of α–Fe2O3 synthesized via molten salt method.

Figure 8-2 XRD pattern of α–Fe2O3 synthesized via molten salt method. The scan rate
was 3 °/min.
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these agglomerates having similar sizes and shapes. The EDS spectrum in Figure 8-3(b)
indicates that the molten salt method yields only α–Fe2O3, with no peaks for any other
elements in the spectrum. Considering the EDS spectrum in conjunction with the
Raman and XRD results shown earlier, it can be confirmed that the product is α–Fe2O3.
Figure 8-4 shows TEM images of the nanoporous structure of the α–Fe2O3 obtained
from the molten salt process. As observed in the low magnification images (Figure
8-4(a) and (b)), the as-prepared nanoporous powder has an agglomerated morphology
with the agglomerates composed of very fine spherical particles. The sizes of these
spheres are uniform, and their diameters are in the range of 20-40 nm, which is in good
agreement with the value estimated using Scherrer’s equation. The d-spacing value
(0.358 nm) can be related to the crystallographic direction of (0 1 2) (Figure 8-4(c)).

The corresponding selected area electron diffraction (SAED) pattern is shown in Figure
8-4(d). The calculated ring spot distances of 0.36, 0.27, 0.25, 0.22, 0.18, 0.17, and 0.14
nm, can be referred to the crystallographic directions of (0 1 2), (1 0 4), (1 1 0), (1 1 3),
(0 2 4), (1 1 6), and (2 1 4), respectively. These results are also consistent with the
standard information provided in the XRD section.

Figure 8-5 shows the electrochemical properties of α–Fe2O3. The first three cyclic
voltammograms (Figure 8-5(a)) were collected for the α–Fe2O3 electrode between 0.01
and 3.0 V, measured at a scan rate of 0.1 mV/s. Three cathodic current peaks positioned

119

Chapter 8: α–Fe2O3 as an anode material with capacity rise and high rate capability for lithium-ion
batteries
____________________________________________________________________________________

Figure 8-3 SEM image (a) and EDS spectrum (b) of α–Fe2O3 synthesized via molten
salt method.
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Figure 8-4 TEM images of the α–Fe2O3 at low magnification (a) and (b). High
resolution TEM image of the as-prepared sample(c), and corresponding SAED pattern
of the α–Fe2O3 powder (d).

at 1.61, 0.97 and 0.68 V can be observed in the first cycle. The high intensity peak
initially located at 0.68 V shifts to higher potential (0.81 V), and the other two peaks
(1.61 and 0.97 V) disappear in the subsequent reduction process. This can be explained
because of a reversible conversion reaction of lithium-ion intercalation to form lithia
(Li2O) and metallic ions (Fe0), and decomposition of electrolyte, which results in the
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Figure 8-5 (a) Cyclic voltammograms of α–Fe2O3 synthesized via molten salt method.
(b) Voltage profile of α–Fe2O3 at the 1st, 2nd, 100th, and 600th cycles. (c) Discharge
capacity vs. cycle number with cycling at 1 C (inset: discharge capacity vs. cycle
number for carbon black (a) and stainless steel (b)). d) Capacity-cycle number
relationship at different current rates (10, 20, 30, 40 C, and return to 10 C, respectively).
The measurements were conducted at room temperature.
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formation of an organic layer deposited on the surface of the particles. However, in the
anodic process, only one broad peak (1.66-1.91 V) can be observed, corresponding to
the reversible oxidation process of Fe0 to Fe3+. Larcher and co-workers suggested that
the electrolyte decomposition and/or polymeric layer formation could be related to the
irreversible capacity (large excesses in capacity) during the discharge process [185]. In
the subsequent cycles, the anodic peak remains unchanged. It should also be noted that
the peak intensity gradually decreases upon cycling, which implies that the material has
experienced irreversible capacity loss during the reduction and oxidation processes.
The electrochemical properties of α–Fe2O3 were investigated by discharge/charge
measurements. Figure 8-5(a) and (b) shows the electrochemical performance of Li/α–
Fe2O3 cells cycled between 0.01 and 3.0 V at a constant current rate of 1 C (~1005
mA/g) for 600 cycles, with cycling then continued at different successive current rates
(for 10 cycles each) of 10, 20, 30, and 40 C, and a final return to 10 C (Figure 8-5(d)).
As can be seen in Figure 8-5(b), the discharge plateaus in the galvanostatic curve can be
attributed to the electrochemical behaviour of the as-prepared electrode. The discharge
and charge curves were also similar to those previously reported [201, 202, 222, 224],
which confirms that these are α–Fe2O3 curves. The capacity of the 1st, 2nd, and 600th
discharge are found to be around 1577, 1119, and 1975 mAh/g, which is higher than the
theoretical capacity and data reported in the literature [201, 202]. Figure 8-5(c) shows
the capacity vs. cycle number relationship of α–Fe2O3, carbon black, and a stainless
steel substrate, respectively. It should be noted here that the capacity of cell containing
only stainless steel substrate was obtained by galvanostatic charge/discharge with the
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same current that was used to perform the charge/discharge cycles of the cell containing
a-Fe2O3 electrode, by assuming that the weight of the active material present on the
surface of the stainless steel substrate was the same as that of the a-Fe2O3 electrode. The
discharge capacity of the as-prepared sample shows very large capacity at the 600th
cycle, which is 2 time higher than the theoretical capacity of a-Fe2O3 (1007 mAh/g).
We have investigated and concluded that this extra capacity is probably due to several
reasons; 1) because the morphology has changed to a needle-like form, 2) the carbon
black reaction, and 3) stainless steel substrate participation in the electrochemical
reaction. The cycling capacities for the carbon black and stainless steel substrate are
shown in the inset of Figure 8-5(c). In that figure, the capacity of carbon black at the
600th cycle is around 350 mAh/g (Figure 8-5(c-a)), while for stainless steel, it is
approximately 240 mAh/g (Figure 8-5(c-b)). Even after considering substrates with
capacities of both carbon black and stainless steel, the cell still has some extra capacity,
around 300 mAh/g, which could be possibly explained because of 1) the needle-like
morphology after cycling, and 2) an inaccurate calculation used to estimate the actual
capacity for stainless steel. The cubic morphology of a-Fe2O3 is altered and becomes
needle shaped after prolonged cycling, as clearly shown in Figure 8-7. As mentioned in
Ref. [118] the preparation and formation of needle, nanotube, nanowire, or other onedimensional (1D) nanostructure materials could provide the unique and special
properties such as a high specific surface area, excellent sensitivity to reductive vapours
and gases, and superior electrochemical activity. Chen and his group confirmed in their
studies that the a-Fe2O3 nanotubes could yield a capacity as high as 1436 mAh/g, and it
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can be expected that after hundreds of cycles our material would also behave similarly
to those in Chen’s investigation. As for the second reason, the estimation of the real
capacity for stainless steel is indeed not accurate. This is because, after cycling, a very
thick dark film covers the substrate surface, and it is believed that the extra capacity of
the stainless steel substrate is possibly more than 240 mAh/g.
The capacity fading of a-Fe2O3 for the selected cycles can be calculated. The rate of
capacity fading between the second and 100th cycles is about 0.19 % per cycle in the
first 98 charge/discharge cycles, indicating a highly active α–Fe2O3 electrode with high
specific capacity. From 101 to 600 cycles, the capacity-cycle number curves show two
types of increasing trend, which have rarely been observed in previous works [180, 201,
202, 221-223]. The region with increasing capacity can be divided into two parts: 1)
from 101 to 200 cycles (drastic increases) and 2) from 201 to 600 cycles (gradual
increases). The capacity increase rate for the first and second parts is calculated to be as
high as 0.47% and 0.09% per cycle, respectively. It can be seen that the capacity of α–
Fe2O3 recovers after initial fading for the first 100 cycles. In the meanwhile, the α–
Fe2O3 electrode exhibits outstanding rate capability (Figure 8-5(d)). Even after the
sample has experienced long cycling (more than 600 cycles), the capacity of the
electrode still reaches 655, 419, 320, and 239 mAh/g at 10, 20, 30 and 40 C,
respectively. The cell also shows good capacity retention (~666 mAh/g) after the
current rate is changed back to 10 C, demonstrating that the α–Fe2O3 electrode still
delivers a high fraction of its total capacity (66.3% of 1005 mAh/g). It is clear that the
results presented here show that α–Fe2O3 synthesized via the molten salt method
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possesses excellent properties which are rarely found in any previous reports, namely,
high rate capability, good cycling performance, and a capacity that increases upon
cycling which is very useful for high-power battery applications, such as in hybrid
electric vehicles, power tools, and power backup systems.
It interesting to note that, the capacity of the α–Fe2O3 electrode shows two major trends.
For the first 100 cycles, the capacity shows a decreasing trend, while for the range
between 101 to 600 cycles, the capacity trend is increasing. There are several possible
reasons for this phenomenon. According to Chen’s groups, [118] one of the reasons
contributing to the capacity loss upon cycling is that it is thermodynamically impossible
to extract Li from Li2O, which has formed during the transformation of Fe0 to Fe3+. The
other reason is the irreversible reaction from Fe0 to Fe3+, Kitaura and co-workers found
that nanosize elemental Fe was present on a large scale after a few cycles, as claimed by
Chen’s group [227]. They detected it through the investigation of cycled electrodes in
the charged state using XRD analysis. They found that there were many peaks related to
elemental Fe, which was not utilized as an active material, with consequent capacity
loss during cycling. Liu and co-workers [161] characterized their materials with
different analysis methods in order to explain the capacity loss of their materials.
Electrochemical impedance spectroscopy (EIS) analysis was performed on the samples
after cyclic voltammetry and charge/discharge tests in order to obtain the chargetransfer resistance and investigate the kinetic behaviour of the samples. The results
revealed that the decrease in capacity upon cycling was due to two factors, namely, low
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lithium-diffusion processes and large Li+ charge-transfer resistance (high polarization),
which is also in good agreement with this study (see Figure 8-6(a)).
Meanwhile, the trend towards increasing capacity could be explained by some reports
from Tarascon’s group, who investigated the reactivity of nanosized metal oxide-based
compounds towards Li [228, 229]. They proposed that increasing capacity is a common
trend for transition metal oxides, which are known to be catalytically active [229, 230].
They noted that similar kinetics to those of cells which operate at higher temperature
could be achieved with a Li electrochemically-driven conversion reaction at room
temperature, by both using nanoscale electrochemistry and by changing the nanoparticle
surface, such as by using carbon or other nanofibril supporting textures to host the
nanosized powder. In this case, the capacity increase could also result from a similar
phenomenon to that suggested by Tarascon and co-workers. Iron metal is a well-known
highly active catalyst that can be compared to Co, Cu, and Ni metals. Therefore, one of
the main reasons that may contribute to the capacity rise is the highly active catalytic
property of the iron metal formed during the electrochemical reaction. The second
reason may relate to the decrease in the cell resistance during the charge/discharge
reaction, as shown in Figure 8-6(b). In the figure, the impedance of the cell before
cycling is larger than that of the cell after cycling, and it becomes smaller after further
charge-discharge up to 250 cycles, which is in good agreement with the capacity rise
phenomena of the CuO material [198]. This could be explained as follows: The initial
production of Fe nanograins from the reduction of α–Fe 2 O 3 by Li during
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Figure 8-6 Impedance spectra of α–Fe2O3 electrode: (a) at 1st, 50th, and 100th cycles, and
(b) after 150th, 200th, and 250th cycles. The cell was charged/discharged at a current rate
of 1 C.

Figure 8-7 TEM images of cycled electrode showing inhomogeneity in different areas.
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cycling results in capacity fade, but after cycling over a long period, they may become
active and participate in reactions that enhance the electrochemical reactivity. By
offering high Li+ diffusion coefficients and a large amount of contact surface area
between the electrode and electrolyte, the iron can quickly absorb and store vast
numbers of lithium ions without causing any deterioration in the electrode [231]. The
third reason may due to the electrochemical milling effect which changes the
morphology as well as decreasing the size of the metal particles [121, 198]. This result
is consistent with the second reason and supported well by TEM analysis in Figure 8-7.
The figure shows that the cubic structure of a-Fe2O3 has been modified to a needle-like
structure after prolonged cycling, as can be observed in the low magnification image
(Figure 8-7(a)). When the high magnification is used, the needle structure is found to be
formed from the fine cubic structure (< 10 nm) that is joined together to create the chain
network structure (Figure 8-7(b)). As explained above, the modification of the structure
of the material could also improve and provide the extra capacity during
electrochemical reactions [118]. The last factor which might contribute to the capacity
rise is the existence of the dark thick film on the surface of the substrate. As shown in
the EDS spectra and the EDS mapping analysis which was conducted on the cycled
substrate (Figure 8-8) and on a small piece of the dark thick film (Figure 8-8(b)), it is
expected that the dark thick layer found on the substrate is solid electrolyte interphase
(SEI) film, which results from the reaction of several elements (Ni, Fe, and Cr, which
are used to make the substrate) and organic compounds with lithium.
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Figure 8-8 (a) EDS spectrum and mapping analysis of the dark thick film on the surface
of the substrate. (b) EDS spectrum and mapping analysis of the dark thick particle on
copper tape.

The outstanding high capacity, excellent capacity retention, and high rate capability of
the α–Fe2O3 electrode may due to the nanosize nature of the α–Fe2O3 particles, the
alteration of the structure of α–Fe2O3, and the possibility of radically changed reaction
kinetics of the nanoparticles during prolonged reaction. The ultra-fine α–Fe2O3 particles
could reduce the transport path for both electrons and Li+ ions; increase the contact
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surface area between the electrode and electrolyte; and introduce large flexibility and
toughness for accommodating strain caused by Li+ insertion/extraction, thus enhancing
the electrochemical performance of α–Fe2O3 [147-149]. On the other hand, the porous
structure of the α-Fe2O3 nanoparticles is beneficial for the contact between electrode
and electrolyte, accommodation of volume change, and the diffusion of Li+. As a result,
the nanocharacteristics of the a-Fe2O3 particles are preserved during cycling.

8. 4 Conclusions
Nanosized porous α–Fe2O3 powder was successfully synthesized via the molten salt
method. Electrochemical measurement results demonstrated that the electrode
properties of the α–Fe2O3 are much better than those reported in the literature. The
capacity of the product shows two different trends during cycling which are rarely
reported in the literature, a decrease in capacity in the first 100 cycles and an increase
afterwards up to 600 cycles, with the lowest and highest capacity around 970 and 1972
mAh/g, respectively. The excellent performance may arise from the effects of the
nanoparticles and the porous structure, which provides good structural stability,
increases the contact between electrode and electrolyte, and moreover, could act as a
volume buffer to absorb the volume variation during Li+ insertion/extraction.
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CHAPTER 9

VANADIUM NITRIDE WITH NANOPOROUS STRUCTURE PREPARED via A
TEMPERATURE-PROGRAMMED NH3 REDUCTION OF V2O5: A SUPERIOR
ANODE MATERIAL FOR LITHIUM-ION BATTERIES

9. 1 Introduction
Lithium-ion batteries (LIBs) have served as one of the most popular types of power sources
for various applications, including portable computers, mobile phones, and many other
electronic devices, due to their high energy density, lack of memory effects, high rate
capability, and a slow loss of charge when not in use [184, 232, 233].

Since metal oxides were first reported as potential anode materials with high capacities for
LIBs, the electrochemical properties of transition metal compounds have been widely
investigated. Besides metal oxides, metal nitrides also offer similar advantages, and
moreover, their high melting point and conductivity behaviour lead them to be even more
useful for anode or cathode materials [233]. For example, CrN, VN, and CoN were
investigated because they offered high capacity upon cycling [155, 234, 235]. A large
reversible discharge capacity can be obtained for CrN, around 1200 mAh/g up to 30 cycles,
while VN presented discharge capacity at above 800 mAh/g over more than 50 cycles.
Interesting results were obtained on CoN, the capacity of which was observed to increase
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with cycling and reached up to 990 mAh/g after 80 cycles. However, in the majority of cases,
transition metal nitrides are prepared and tested as thin films prepared by sputtering. A
potential drawback of thin films is that their preparation is costly (expensive technology) and
is on a small scale.

This chapter reports the electrochemical properties of porous VN powder prepared in bulk
quantities via a low-cost simple procedure. Despite being in a powder form, the material
demonstrates a remarkable capacity, and very good efficiency and rate capability as an anode
material for a LIB. It can be cycled for 500 cycles without the loss of activity/capacity, and
the capacity observed after prolonged cycling is very promising for use in power application
systems (i.e., power tools or backup supply).

The method of temperature-programmed ammonia reduction of V2O5 is a simple and
efficient technique to produce porous nanostructured VN in the powder form in bulk
quantities. It can be scaled up for large-scale production. The method has been developed
initially for the preparation of VN catalysts with high surface areas and involves only one
simple step, heating the oxide powder in the flow of ammonia [236-238]. It was noticed by
Kwon and co-workers that the conversion of V2O5 into VN is pseudomorphic and leads to
porous morphology [236]. It results in the retention of the morphology of the initial V2O5 and
excellent interconnection of crystalline grains. It may be expected that the porous
morphology would improve the electrochemical properties during discharging and charging
in a LIB.
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9. 2 Experimental
9.2.1

Material preparation

Vanadium nitride (VN) nanoporous powder was prepared using a temperature-programmed
NH3 reduction of V2O5 by the method outlined in Section 3.2.4, especially 3.2.4.1.

9.2.2

Material characterization

Porous VN was analyzed by X-ray diffraction (XRD, GBC MMA) with Cu-Kα radiation (λ =
1.54056 Å), scanning electron microscopy (SEM, Hitachi S-4500), optical microscopy
(Olympus SZX12) and transmission electron microscopy (TEM, Philips CM300). Additional
structural characterization can be found elsewhere [239].

9.2.3

Electrochemical measurements

The VN powders were mechanically milled by hand to some extent using an agate mortar
and pestle, and then mixed with acetylene black (AB) and a binder, polyvinylidene fluoride
(PVDF) at a weight ratio of 30:50:20 in a solvent, N-methyl-2-pyrrolidone (NMP). The
slurry was uniformly pasted on 1 cm2 of Cu foil. The electrode sheets prepared in this way
were dried at 110 °C in a vacuum oven under a pressure of 0.1 MPa for 12 h. The electrodes
were then pressed under a pressure of approximately 200 kg/cm2. The loading of the material
and the thickness of the cells were measured using a microbalance and a micrometer−screw
gauge, respectively. CR2032-type coin cells were assembled for electrochemical
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characterization. The electrolyte was 1 M LiPF6 in a 1:1 mixture of ethyl carbonate (EC) and
dimethyl carbonate (DMC). Li foil was used as the counter and reference electrode. The cells
were galvanostatically charged and discharged at the current density of 1236 mA/g and
additionally at multiple current densities in the range of 12360 − 49440 mA/g (for the
assessment of rate capabilities) over a voltage window of 0.01-3.5 V. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) measurements were performed
using a CHI electrochemical workstation. The scanning rate for CV was set at 0.1 mV/s, and
the impedance measurements were conducted over the frequency range between 105 Hz and
0.01 Hz. All the electrochemical measurements were conducted at ambient temperature (25
°C).

9. 3 Results and discussion
The X-ray diffraction (XRD) pattern of the as-prepared material is presented in Figure 9-1(a).
The diffraction peaks at 38.1°, 44.2°, 64.2°, and 76.8° are indexed as those of cubic
vanadium nitride (JCPDS No. 25-1252). The peaks are broadened due to the small size of the
individual crystallites. As can be seen in the diffraction patterns, all the peaks are shifted
compared to the standard JCPDS database. The angular displacement to either smaller or
larger angles depends on the rate of exposure to ammonia gas. Furthermore, a poorly aligned
diffractometer and poor/sloppy sample packing also might have contributed to the peak
shifting. The material consists of relatively large particles 200-500 µm in size, which are
shown in Figure 9-1(b). Scanning electron microscopy (SEM) reveals that each particle is
porous, and the pore size is on the nanometer scale. Figure 9-1(c) shows a fragment of the
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surface of one of the particles with a crack, and it can be seen that the porous structure is
present not only on the surface, but also developed into the bulk. A bright-field transmission
electron microscope (TEM) image (Figure 9-1(d)) reveals that a VN particle consists of a
large number of small crystallites with typical sizes of 20-40 nm. Additional structural
characterization of this material has been presented elsewhere [239]. Briefly, it has been
found that the VN particles mimic the shape of the original V2O5 particles, and, according to
N2 adsorption measurements, have pore sizes of 15-110 nm and a surface area of
approximately 23 m2/g. The presence of textured domains of crystallites has been identified
in the particles, and each particle has been interpreted as a porous framework consisting of
interconnected nanoscale crystallites [239].
The electrochemical performance of the as-prepared VN nanoporous structure is illustrated
in Figure 9-2. Figure 9-2(a) shows cyclic voltammograms (CV) obtained in the potential
range of 3.5to 0.01 V and measured at a scan rate of 0.1 mV/s. The CV curve is found to be
quite similar to that reported by Sun and Fu [155], and it is reasonable to assume that the
reaction mechanism for this material similar to the one they proposed [155]. From the CV
results, there are several reduction and oxidation peaks, implying that the compound involves
a multiple reaction mechanisms and a complicated process. During the discharge and charge
process, vanadium nitride is believed to have a series of insertion and decomposition
processes with lithium metal. As observed in the reduction process, the peaks located in the
high voltage range (3.05, 2.52, and 1.98 V) could be referred to the formation of the insertion
compound of LixVN with different x values, while the peaks positioned at lower voltage
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Figure 9-1 Characterization of porous VN. (a) XRD pattern; (b) optical microscopy image;
(c) SEM image; (d) bright-field TEM image.

Figure 9-2 Electrochemical properties of the nanoporous VN: (a) CV curves of the first four
cycles at a scan rate of 0.1 mV/s. (b) Selected voltage profile curves from galvanostatic
cycling at a current density of 618 mA/g. (c) Charge-discharge capacity and coulombic
efficiency versus cycle number at a current density of 618 mA/g. (d) Discharge capacity at
various current densities (1236, 12360, 24720, 37080, and 49440 mA/g).
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(0.72, 0.32 and 0.05 V) correspond to the formation process of V metal. In the oxidation
process, three peaks which are located at 1.26, 1.81, and 2.46 V could be related to the fully
reversible reaction to reform VN. The electrochemical charge-discharge properties for the
VN electrodes cycled between 0.01 and 3.5 V are shown in Figure 9-2(b, c, and d). Figure
9-2(b) represents the voltage profile for the selected cycles (1st, 2nd, 50th, 100th, 200th, 300th
and 400th cycles) at a constant current density of 618 mA/g. Some of the charge-discharge
plateaus can be observed between 3.5 and 0.01 V in the galvanostatic curves which can be
attributed to the electrochemical behavior of the as-prepared electrode. Figure 9-2(c) shows
the cycling performance and coulombic efficiency of the VN. The first and second cycle
discharge capacities were found to be 811 and 781 mAh/g, and the discharge capacity
increased up to 2106 mAh/g at the 400th cycle. The larger capacity in the first cycle is
probably due to the decomposition of non-aqueous electrolyte or formation of the so-called
solid-electrolyte interphase (SEI) during the first discharge process. This is consistent with
the CV results (Figure 9-2(a)) and is a common phenomenon in previous reports on the
electrochemical activities of transition metals [94, 196, 240]. The initial coulombic efficiency
of the prepared VN nanoporous structure is above 84.1%, which is much higher than those
reported for other oxides and nitrides [79, 155, 241-243]. Figure 9-2(d) presents the chargedischarge capacity versus cycle number at different current densities after prolonged cycling
at constant current density of 618 mA/g between 0.01 and 3.5 V. As can be seen from the
figure, the discharge capacities at the first cycle for each current rate are 590 mAh/g when
first cycled at 1236 mA/g, 426 mAh/g at 12360 mA/g, 331 mAh/g at 24720 mA/g, 303
mAh/g at 37080 mA/g, 290 mAh/g at 49440 mA/g, and back to 502 mAh/g at 1236 mA/g,
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respectively. This superior electrochemical performance is likely to be due to two main
reasons: 1) the unique porous interconnected morphology, and 2) the capability of VN to
adhere strongly to the substrate. The extraordinary morphology of VN with various sizes of
pores can plays an important role in accommodating the volume change to some extent,
while, the excellent ability of VN film to bond robustly to the substrate even after
experiencing a huge volume expansion and contraction process such as occurs during
prolonged cycling give it another advantage for use in advanced lithium ion batteries. These
factors are well supported by the SEM images of cycled electrodes as shown in Figure
9-3. Figure 9-3((a) and (b)) presents a SEM image of VN electrode before cycling and Figure
9-3((c) and (d)) presents the image after cycling for more than 400 times. It should be noted
here that the morphology of VN electrode is found to be completely changed: the thick film
deposited on the substrate has turned into a dense film and the elements V and N tend to form
small agglomerations after cycling, as observed in EDS mapping analysis (Figure 9-4). This
change in morphology can be related to the change in volume and chemical makeup
encountered during the electrochemical reaction. Obviously, the unique porous
interconnected structure that is rich with pores could act in multifold ways, namely, as
buffering space to accommodate the volume change, and as a booster for prolonged cycling
to enhance the electrochemical activity with lithium, which not only results an excellent
capacity retention, but also enables cycling for hundreds of times and cycling at high power
density. This evidence shows that the VN nanoporous structure is able to operate at high
current density and moreover can generate large capacity, relatively higher than that of
graphite electrode. As seen in the cycling performance of VN (Figure 9-2(c)), it first shows
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Figure 9-3 SEM images of the VN electrode at different magnifications before cycling: (a)
low (30×), and (b) high (10000×); and after 400 cycles: (c) low (30×), and (d) high (10000×).

Figure 9-4 (a) SEM image of the VN electrode after cycling for 400 times, and EDS analysis
for the elements (b) V and (c) N.
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decreases in the first few cycles and then increases almost linearly afterwards until at least
the 400th cycle. By taking the specific capacity at the 10th and 400th cycles, which is 758 and
2106 mAh/g, respectively, the rate of capacity increase can be calculated and amounts to
0.46% per cycle. It is observed that the discharge capacity after 400 cycles is two times
higher than the theoretical capacity of VN. It is expected that the carbon black and stainless
steels substrate would contribute together to this extra high capacity, and the results are
shown in Figure 9-5.In Figure 9-5(a), the specific capacity is ~367 mAh/g for carbon black
and 115 mAh/g for stainless steel substrate, respectively. It should be noted that the cell
which only contains a stainless steel substrate was charged/discharged with the same current
that was used to perform the charge/discharge cycles of the cell containing VN active
material. The weight of the active material which exists on the surface of the stainless steel
substrate during electrochemical cycling was assumed to be same as that of the VN electrode.
Obviously, the extra capacity in this study comes from the contribution of carbon black and
the solid electrolyte interphase (SEI) which exists on the stainless steel substrate.

In terms of the capacity increase phenomenon, it can be explained by several reasons: First,
the catalytic effects on vanadium nanograins which are covered by a polymeric layer.
According to Tarascon and co-workers, increasing capacity is a common trend for transition
metals, which are known to be catalytically active, and arises from the formation and
development of a polymeric layer on the anode electrode [229, 230]. It is also revealed in the
study of Li-CoO [228] that the formation of polymeric film is strongly temperature sensitive,
suggesting that the kinetics also plays an important role in influencing the formation of a
nanoparticle-driven polymeric layer. The authors noted that the kinetic properties of cells
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Figure 9-5 The charge-discharge cycling performance of carbon black powder and stainless
steel substrate for 400 cycles.

which run at higher temperature could be attained at room temperature through a Li
electrochemically-driven conversion reaction, by employing nanoscale electrochemistry and
by altering the nanostructure surface, for example, by utilizing carbon or other nanofibril
supporting textures to host the nanosized powder. In this study, the capacity rise could also
result from the catalytic activity of the metal nanograins toward the electrolyte reduction
(Nanosized vanadium metal implanted in the solid interphase electrolyte (SEI) matrix is
shown in Figure 9-6). Among the transition metals, vanadium is commonly used as a catalyst
due to its high activity, which is comparable to Co, Cu, and Ni metal [244-246]. Thus, the
highly active catalytic feature of the vanadium metal developed during the electrochemical
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Figure 9-6 TEM images of cycled VN electrode in different areas after cycling for 400 times.

Figure 9-7 Nyquist plots of ac impedance spectra for selected cycles in the frequency range
between 100 kHz and 10 mHz.
143

Chapter 9: Vanadium nitride with nanoporous structure prepared via a temperature-programmed NH3 reduction
of V2O5: a superior anode material for lithium-ion batteries

___________________________________________________________________________
reaction possibly will be one of the reasons that contribute to the rising capacity. The second
factor responsible for the rising capacity is the decrease in polarization on the electrode. Yu
and co-workers have conducted a useful EIS analysis to investigate the increase in capacity
of cuprous oxide and cobalt oxide composites [198]. They found that the cell resistance
gradually decreases with increasing cycle number, and this is mostly related to an increase in
the surface contact area and a decrease in particle size with cycling. It is expected that the
total surface area of the vanadium particles increases with increasing cycle number, and,
accordingly, the cell resistance decreases; this is confirmed by the AC impedance spectra, as
shown in Figure 9-7. It can be clearly seen that the charge transfer resistance (Rct) becomes
smaller with cycling, which indicates that the charge-transfer at the electrode/electrolyte
interface become easier with cycling, and consequently decreases the overall battery internal
resistance. The increase in the surface area is well-supported by the TEM images (Figure
9-6), which shows that the size of the VN particles becomes smaller than the original size.
According to Yu and co-workers, this phenomenon is due to the electrochemical milling
effect, as they observed in their previous works [121, 198]. Compared with the original
particle size (20-40 nm) of as-prepared VN (Figure 9-1(c)), the particle size was reduced
down to 2-10 nm after 400 cycles (Figure 9-6). Therefore, both the decreased cell impedance
and the increased surface area may strongly contribute to the rising capacity during
prolonged cycling.
For comparison purposes, the electrochemical properties of the synthesized VN nanoporous
material in this work and other materials reported in the literature are summarized in Table
9-1. Clearly, the results for the present as-prepared VN electrodes exhibit excellent
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Table 9-1 Comparison of the electrochemical properties of VN nanoporous material
fabricated in this work with other metal nitrides and oxides produced with different shapes
and by different methods, as reported in the literature.
Samples

Method of
synthesis

Vanadium

nitride

(nanoporous)

Cobalt nitride

Temperature-

Current

Initial

Initial

vs.

density/mA

coulombic

specific

(Li/Li+)/V

g-1

efficiency/

capacity/

%

mAh g-1

3.5 – 0.01

Specific capacity
retention/mAh g

Reference

-1

618

84.1

~810

2106after 400 cycles

programmed

1236

-

590

570 after 10 cycles

NH3 reduction

12360

-

426

384 after 10 cycles

V2O5

24720

-

331

310 after 10 cycles

37080

-

303

301 after 10 cycles

49440

-

290

292 after 10 cycles

28

~82.1

420

~415 after 40 cycles

33

~76.7

440

~345 after 40 cycles

3.5 – 0.01

~233

~79.9

1800

~930 after 30 cycles

[234]

3.5 – 0.01

~233

~76.7

1500

800 after 80 cycles

[155]

DC discharge

(thin film)

Potential

3.5 – 0.01

This work

[233]

and pulsed
laser deposition

Iron nitride
(thin film)
Chromium

nitride

(thin film)
Vanadium

system
nitride

(thin film)

DC reaction
sputtering

Cobalt nitride
(thin film)

Cuprous

RF sputtering

nitride

584 after 10 cycles

RF magnetron

3.0 –

250

~70.4

~1080

~990 after 80 cycles

sputtering

0.005

450

~64.3

~925

950 after 80 cycles

5000

-

~788

690 after 50 cycles

~23

-

~398

~222 after 70 cycles

Chemical

3.0 – 0

[235]

[240]

~67

-

~410

~328 after 80 cycles

~225

-

~640

~340after 198 cycles

2.0 – 0

~225

-

~599

~165 after 200 cycles

1.5 – 0

~225

-

~609

~139 after 200 cycles

3.5 – 0.01

~58

~87.5

420

320 after 5 cycles

[247]

~503

69.1

1688

903 after 100 cycles

[248]

20100

81.5

447

245 after 10 cycles

α-Fe2O3/amorphous

80.1

1858

2112 after 100 cycles

carbon

87.1

737

584 after 10 cycles

(nanocomposite)

Nickel nitride
(thin film)

reaction

DC discharge
and pulsed
laser deposition

α-Fe2O3
(nanoparticle)

Molten salts

3.0 – 0.01

(nanocomposite)
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electrochemical properties with long cycle life, excellent capacity retention, and high
rate capability, which are rarely reported in the literature.

The outstanding electrochemical performance of as-prepared VN nanoporous structure
could be related to several factors, such as the effects of: (1) the unique nanoporous
structure, which facilitates the diffusion of the electrolyte into the bulk and improves the
kinetics properties of the material (i.e., reduces the transport lengths for both electronic
and ionic transport); (2) the porous structure, which acts as a buffer to alleviate the local
volume change caused by repeated ionic insertion/de-insertion, thus enhancing the
cycleability of VN anode; and (3) a porous framework consisting of interconnected
nanoscale crystallites, which can play an important role as the ionic or electronic wiring
to provide sufficient support at very high current density. Meanwhile, the capacity rise
phenomenon could be related to the catalytic effects of vanadium nanograins covered
by a polymeric layer, and the decrease in polarization (the decrease of cell impedance
and the increase of surface area with cycling). Moreover, these factors also jointly
contribute to enhance the structural stability and stabilize the SEI film, which would
lead to excellent electrochemical performance.

9. 4

Conclusions

In this chapter, VN with a nanoporous structure was prepared by a temperatureprogrammed NH3 reduction of V2O5. The vanadium nitride is in the form of bulk
powder and can be prepared on a large scale. The TEM results indicate that particles of
VN with small crystallites size (20-40 nm) were found to have a porous framework with
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the pore sizes of 15-110 nm. The electrochemical results showed that the VN
nanoporous electrode exhibited a high capacity of 1806 mAh/g after 400 cycles in the
voltage range of 3.5-0.01 V; even at high current density (49440 mA/g), the capacity
still constituted a high fraction (76%) of the initial specific capacity, showing that the
VN nanoporous electrode had excellent performance in terms of high charge/discharge
capacity, efficiency, high rate capability, and good cycling performance. A battery with
such characteristics is very promising for use as a portable power supply and in power
tools. This investigation indicates that the porous nanocrystalline VN is a highly
promising anode material for the lithium ion battery.
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CHAPTER 10

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

10. 1 General conclusions
Experimental studies of selected anode materials (SnO2/Co3O4, MoO3/C, α-Fe2O3, αFe2O3/C, and VN) using a number of methods, namely, a super-basic molten salts
method, a hydrothermal method, carbon coating, and a temperature-programmed NH3
reduction have been discussed systematically in earlier chapters. Several conclusions
and ideas for future work are summarized in this chapter as follows.

10.1.1 SnO2-Co3O4 nanocomposite anode material
In this study, cobalt oxide was used for doping into to tin oxide using an in situ superbasic molten salt technique to produce a high energy density anode material for the
lithium ion battery. Two types of composition have been prepared: 1) a sample
containing a small amount of Co3O4 and 2) a sample containing a higher amount of
Co3O4. It was confirmed clearly by XRD, SEM, TEM, and EDS analysis that the
samples have two crystallite phase morphologies. The electrochemical results revealed
that by increasing the content of Co3O4, not only a high reversible lithium storage
capacity, but also better cyclability could be achieved. The excellent performance of the
nanocomposite could be mainly due to the good interface contact between the two metal
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oxide (SnO2 and Co3O4) particles, which resulted from the preparation method of the
nanocomposite. However, there is still significant evidence that the nanocomposite with
high content of Co3O4 is subject to capacity fading upon cycling, which needed to be
improved. For future work, in the author’s opinion, it would be beneficial to improve on
this negative aspect by incorporating the nanocomposite with carbon and/or by
modifying their structure towards nanowire or nanorod structures, which could provide
large surface area, high electronic conductivity, and moreover, be useful for a wide
range of applications.

10.1.2 Carbon-coated MoO3 nanobelts as anode materials for lithium-ion batteries
MoO3 nanobelts have been synthesized by a simple hydrothermal route followed by
carbon coating. The carbon-coated MoO3 nanobelts have a diameter of 150 nm and a
length of 5 to 8 μm, as can be observed from transmission electron microscope (TEM)
and scanning electron microscope (SEM) images. The nanobelts were characterized by
Raman spectroscopy, X-ray diffraction (XRD), SEM, and TEM. The C/MoO3 nanobelts
show excellent cycling stability after being cycled at a current rate of 0.1 C, maintaining
their capacity at 1064 mAh/g after 50 cycles, which is much better than the performance
of the bare MoO3 nanobeltelectrode. The excellent electrochemical performance of the
C/MoO3 nanobelts can be attributed both to the facilitation of Li+ diffusion along the
nanobelt and to the carbon coating, which enhances the electrical conductivity and acts
as a buffer layer to effectively absorb the volume expansion during Li+ intercalation.
Despite the fact that the electrochemical performance of MoO3 could be improved by
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layering it with elemental carbon, there are still weaknesses, such as 1) the composite
only can be charged/discharged at low current rate, and 2) the size of the active material
is too large, which means that it is not reusable in the lithium ion battery. Thus, the
future work should focus on developing the MoO3/C nanocomposite with nanosize,
porous structure, good electronic conductivity, and high flexibility in order to overcome
the negative side of the material.

10.1.3 Solvent-assisted molten salt process: A new route to synthesize α-Fe2O3/C
nanocomposite and its electrochemical performance in lithium-ion batteries
Nanostructured α-Fe2O3 was synthesized by a simple molten salt process using
FeCl2·4H2O as the starting material and LiNO3-LiOH·H2O-H2O2 in a eutectic mixture at
300 oC. The α-Fe2O3/C composite was obtained from both α-Fe2O3 and malic acid,
which were dispersed together in toluene, with malic acid used as the carbon source.
The morphology and microstructure of both compounds were confirmed by X-ray
diffraction,

Raman

spectroscopy,

and

transmission

electron

microscopy.

Electrochemical testing, including constant current charge-discharge and cyclic
voltammetry (CV), was carried out. The α-Fe2O3/C composite anode exhibited much
better electrochemical performance than the bare α-Fe2O3. The discharge capacities of
the composite were measured to be 2112 mAh/g at C/2 after 100 cycles and 584 mAh/g
at 20 C after 10 cycles. The superior electrochemical performance of α-Fe2O3/C
composite can be mainly attributed to the combined effects of the nanostructure, the
carbon layering on the α-Fe2O3 nanoparticles, and the porous ultrafine carbon matrix,

150

Chapter 10: Conclusions and suggestions for future work
____________________________________________________________________________________

where the three factors would contribute to provide high electronic conductivity, reduce
the traverse time of electrons and lithium ions, and could also prevent high volume
expansion of the anode film during cycling. No matter what, the synthesis process of αFe2O3/C through two different techniques would increase the cost of production in
terms of power and hardware requirements. Therefore, for the coming work, a less
expensive method to produce the α-Fe2O3/C nanocomposite should be developed.

10.1.4 SnO2-NiO-C nanocomposite prepared via a molten salt and carbon layering
process: a high capacity anode material for lithium-ion batteries
Carbon-coated SnO2-NiO nanocomposite was successfully synthesized via the molten
salt route, using SnCl2.H2O and NiCl2.6H2O as the starting materials, with a molten salt
composition of H2O2:LiOH.H2O:LiNO3 as a solvent at 300 °C. The synthesis was
followed by a carbon layering process. The phases and morphology of the as-prepared
samples were examined by X-ray diffraction and transmission electron microscopy.
Electrochemical investigation was carried out by using a series of complementary
techniques, including galvanostatic charge-discharge, cyclic voltammetry, and
impedance spectroscopy. The results confirmed that the carbon-coated SnO2-NiO
nanocomposite had higher discharge capacity, better rate capability, and excellent
cycling performance in comparison to the uncoated SnO2-NiO nanocomposite. The
carbon-coated SnO2-NiO nanocomposite electrode exhibited a reversible capacity of
about 529 mAh/g at 800 mA/g, and 265 mAh/g at 1600 mA/g, even after 500 cycles.
The excellent electrochemical performance of the SnO2-NiO-C nanocomposite can be
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mainly attributed to the combined effects of the nanostructure, the carbon layering on
the SnO2 and NiO nanoparticles, and the ultra-fine carbon matrix, because the three
factors would contribute to high electronic conductivity, reduce the traverse time of
electrons and lithium ions, and also prevent high volume expansion during cycling. Due
to its excellent electrochemical performance, the SnO2-NiO-C nanocomposite could be
considered as a promising anode material for future lithium-ion batteries to be used in
electric vehicles and hybrid electric vehicles. Nevertheless, more work should be done
in future to explore the essence of the electrochemistry of binary or ternary oxides and
to improve their electrochemical performance to be of practical use in the lithium ion
battery.

10.1.5 α–Fe2O3 as an anode material with capacity rise and high rate capability for
lithium-ion batteries
A simple molten salt method to prepare nanosize α–Fe2O3, as well as its
electrochemical performance as anode material for lithium ion batteries, is reported.
The structure and morphology were confirmed by Raman spectroscopy, X-ray
diffraction, and transmission electron microscopy. The as-prepared α–Fe2O3 is a
rhombohedral phase of hematite with crystal size in the range of 20-40 nm. The
electrochemical measurements were performed using the as-prepared powders as the
active material for a lithium-ion cell. The nanosized α–Fe2O3 shows excellent cycling
performance and rate capability. It also exhibits the feature of capacity increase upon
cycling. The outstanding electrochemical performance of the α–Fe2O3 can be related to
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several factors, including the short Li+ diffusion length along the porous rhombohedral
structures and the nanosized nature of the materials, which decreases the traverse time
for electrons and Li+ ions, and reduces the volume expansion to some extent during
charge/discharge reactions. In the present work, the synthesis of α–Fe2O3 in
nanoparticle form would increase the possibility of agglomeration after the
charge/discharge process, which is not acceptable for the lithium ion battery. From the
author’s point of view, it would be very good in future work to synthesize the α–Fe2O3
as one-dimensional (1D) nanotubes; this is because their rare of structures, attractive
properties, and potential applications, which differ from those of the comparable bulkstate materials.

10.1.6 Vanadium nitride with nanoporous structure prepared via a temperatureprogrammed NH3 reduction of V2O5: a superior anode material for lithium-ion
batteries
Vanadium nitride (VN) with nanoporous structure was synthesized by a temperatureprogrammed NH3 reduction of V2O5. The morphology and microstructure of the
compound were confirmed by X-ray diffraction (XRD), scanning electron microscopy
(SEM), optical microscopy, and transmission electron microscopy (TEM). The asprepared VN was confirmed to have a high quality crystalline nanoporous structure with
a large volume of pores in the range of 15-110 nm. Electrochemical testing, including
cyclic voltammetry, constant current charge-discharge, and impedance spectroscopy,
was carried out. The VN nanoporous electrode exhibited a high specific capacity which
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was calculated to be 938 mAh/g at current rate of 1236 mA/g after 500 cycles, and 290
mAh/g at current rate of 49440 mA/g after 10 cycles. The superior electrochemical
performance of VN can be mainly attributed to the effects of the nanoporous structure,
which plays a multiple role in enhancing the capacity during cycling by preventing high
volume expansion, facilitating the diffusion of the electrolyte into the bulk material
(improved kinetic properties), and acting as a buffer zone to accommodate large volume
changes during expansion process. The results indicate that the prepared VN
nanoporous structure could be the most promising anode material for future Li-ion
batteries. In the current discussion, whereas a series of studies on the physical,
structural, and electrochemical properties of VN nanoporous structure anode material
have been carried out, nevertheless, the investigation of such parameters is still
insufficient to fully understand the behaviour of the materials, and thus, study of the
behaviour at elevated temperatures and of the thermodynamic properties should be
considered as future research work in order to gain more useful knowledge and to
improve the electrochemical properties of the material.

10. 2 Suggestions for future work
To work towards further improvement, the safety issue of lithium ion battery still need
further attention and study at elevated temperatures.

In terms of safety, the research and development should be focused on the lithium
polymer battery. The lithium polymer battery is a solvent-free battery and uses a gel
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polymer electrolyte which has higher ionic conductivity than a liquid electrolyte. This
polymer electrolyte makes the lithium polymer battery safer compared to the
conventional lithium ion battery. Also, dissimilar to other kinds of batteries, the lithium
polymer battery can overcome the problem of battery performance fading, which is
caused by side-effect that regenerated during charging and/or discharging processes.
Furthermore, its flexibility would give another advantage in terms of fabricating the
battery according to shape of the anode or cathode plates, and it could also be used in a
wide range of applications. Another safety problem with the lithium ion battery that
should be given an attention is the gas evolution inside the cell during cycling. The
study to Studies on modifying the state of the electrolyte, from liquid type to gel type,
should be performed in order to solve the gassing evolution problem to some extent.
This is because the evaporation of solvent in the gel electrolyte is much lower than in
liquid electrolyte. Consequently, the use of gel electrolyte results in a decrease in
internal pressure and suppresses the expansion of the battery casing, which enables the
use of mechanically weak aluminium/resin laminated films as the casing.
Another interesting and useful direction for experimental work is to determine
additional requirements and/or materials for a battery that will be used at elevated and
extreme temperatures. For example, in summer, the battery when left in the car can
attain temperatures of more than 80 °C. On the contrary, in winter, the battery needs to
be operated at temperatures as low as -10 °C. Thus, a study to investigate the
performance of the battery at different temperatures should be one of the next goals in
the future.
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